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ABSTRACT: The KIX domain of CREB binding protein (CBP) forms a small three-helix bundle which
folds autonomously. Previous equilibrium unfolding experiments led to the suggestion that folding may
not be strictly two-state. To investigate the folding mechanism in more detail, the folding kinetics of KIX
have been studied by urea jump fluorescence-detected stopped-flow experiments. Clear evidence for an
intermediate is obtained from the plot of the natural log of the observed rate constant versus denaturant
concentration, the chevron plot, and from analysis of the initial fluorescence amplitudes of the stopped-
flow experiments. The chevron plot exhibits a change in shape, rollover, at low denaturant concentrations,
characteristic of the formation of an intermediate. The kinetic data can be fit to a three-state model involving
a compact intermediate. An on-pathway model predicts that the position of the intermediate lies close to
the native state. The folding rate in the absence of denaturant is 260 s-1 at pH 7.5 and 25°C. This is
significantly slower than the rates of other helical proteins similar in size. The slow folding may be due
to the necessity of forming a buried polar interaction in the native state. The potential functional significance
of the folding intermediate is discussed.

Determining how amino acid sequence encodes a given
native state topology is a significant challenge for experi-
mentalists and theoreticians studying protein folding. One
approach to understanding protein folding is the identification
and characterization of kinetic folding intermediates, which
can provide insight into events during the folding process.
Many proteins larger than 100 amino acids populate folding
intermediates (1-3), while smaller proteins that lack disulfide
bonds or proline isomerization often fold in a two-state
fashion without populated intermediates (4, 5). For a two-
state folding protein, the folding rate is strongly related to
topology or contact order (6, 7). There is an excellent
correlation between the log of the folding rate and native
state topology as defined by contact order for proteins that
fold in a two-state fashion. Small, all-helical, proteins with
simple topologies have low contact order and are predicted
to fold rapidly, and indeed, numerous small helical proteins
have been shown to fold rapidly without forming intermedi-
ates (8, 9).

The KIX domain of the transcriptional coactivator and
histone acetyltransferase, CREB binding protein (CBP),1

mediates interactions between CBP and various human and

viral transcriptional activators (10-12). KIX is involved in
numerous protein-protein complexes. Upon phosphorylation
of CREB, KIX binds inducibly to CREB, and binds
constitutively to a number of human and viral activators.
CBP and the highly related protein p300 are both very large
proteins of more than 2400 residues that contain several
autonomously functional domains (11, 12). One such domain
is the 93-residue KIX domain (13). KIX contains three
R-helices, two short 310-helices, and interconnecting loops
that form a globular fold around a hydrophobic core (Figure
1). The threeR-helices form a three-helix bundle with a
simple up-down-up topology. KIX is monomeric, lacks
disulfides, and does not require metal ions or bound cofactors
to fold, and all of its prolines are in the trans configuration
in the folded state (13-16). The small size, high helical
content, and simple topology suggest that KIX should fold
rapidly.

We have previously characterized the equilibrium unfold-
ing of KIX (14). The equilibrium unfolding curves of KIX
monitored with CD and fluorescence were not entirely
equivalent (14). This observation suggests that KIX folding
may not be strictly two-state. We also examined the role of
a buriedπ-cation interaction involving Tyr 640 and Arg
600 in specifying a unique fold (14). The interaction is
structurally important since disruption of the interaction by
mutation of Arg 600 to Met resulted in a protein with the
properties of a molten globule. In vitro, CARM1 methylates
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Arg 600 of KIX (14, 17). Methylation negatively regulates
the binding of the KIX domain to CREB. Arg 600 is distant
from the KIX-CREB binding interface, suggesting that a
direct steric impediment to binding is unlikely. It is possible
that methylation might modulate the Arg 600-Tyr 640
cation-π interaction.

Mutation of Arg 600 to Met led to a partially folded molten
globule state that was rich in helical structure but lacked a
cooperative thermal unfolding transition, had a tendency to
aggregate, and bound the hydrophobic dye ANS (14). The
formation of a molten globule-like state in the absence of
theπ-cation interaction suggests indirectly that intermediates
might accumulate in the folding process. To directly address
the potential role of intermediates during KIX folding, we
have performed kinetic refolding studies using stopped-flow
methods. Our results show that, despite the apparent struc-
tural simplicity and predicted fast folding rate, a compact
kinetic folding intermediate is populated early during the
refolding of KIX.

EXPERIMENTAL PROCEDURES

KIX Expression and Purification.KIX, corresponding to
residues 587-679 of human CBP with an additional N-
terminal Met, was expressed and purified as described
previously (15, 18). The identity and integrity of KIX were
confirmed with electrospray mass spectrometry, and the
expected and observed mass agreed to within 1 Da. The
mouse CBP sequence numbering is used for ease of
comparison with the majority of studies that use mouse CBP.
The sequences of the human and mouse KIX domains of
CBP are 100% identical over the folded region of KIX (13).

Equilibrium Unfolding. Urea denaturation experiments
were performed as previously described (14). Measurements

were conducted at 25°C in 10 mM sodium phosphate and
150 mM NaCl (pH 7.5). Fluorescence studies were per-
formed using a Spex Fluorolog spectrometer. The change
in emission intensity at 355 nm was monitored following
excitation at 276 nm. CD studies were conducted using an
Aviv 202 spectrometer. The signal at 222 nm was monitored.
The urea concentration was determined with refractometry.
The protein concentration was approximately 4µM, deter-
mined by absorbance using an excitation coefficient of
12 650 cm-1 M-1 at 276 nm. The free energy of unfolding
and them value were determined by nonlinear least-squares
fitting of the complete unfolding curve assuming a monomer
unfolding model. The pre- and post-transition baselines were
modeled using linear functions of urea concentration.

Stopped-Flow Fluorescence.Stopped-flow fluorescence
measurements were performed using an Applied Photophys-
ics SX.18MV stopped-flow reaction analyzer equipped for
asymmetric mixing at a ratio of 10:1. Fluorescence measure-
ments were conducted with an excitation wavelength of 280
nm using a 320 nm cutoff filter. Experiments were performed
at 25°C on samples prepared in 10 mM sodium phosphate
and 150 mM NaCl (pH 6.5 or 7.5). Final protein concentra-
tions were approximately 45µM unless otherwise noted. For
refolding experiments, KIX was denatured in 6 M urea and
folding was initiated by an 11-fold dilution into lower
concentrations of urea. Unfolding experiments were initiated
by an 11-fold dilution of KIX into higher concentrations of
urea. The curves at each urea concentration were obtained
by averaging three to five individual stopped-flow experi-
ments.

The folding of KIX was fit to a three-state folding
mechanism, with an obligate on-pathway intermediate (Scheme
1). The model assumes that formation of the intermediate is

a prerequisite for achieving the native state. Formation of
the intermediate is assumed to be rapid, leading to a pre-
equilibrium (defined by the equilibrium constant,KUI), which
occurs much faster than the rate-limiting step (kIN) to the
native state formation. Thus, the observed folding rate (kf)
can be defined by

wherefI is the fractional concentration of the intermediate.
The plot of lnkobs versus urea concentration was fit to eq 2
to determine the folding and unfolding rate constants in the
absence of denaturant,kIN andkNI, respectively.

wheremUI, mIN
*, andmNI

* are constants that describe how
the natural log ofKUI, kIN, andkNI, respectively, vary as a
function of the concentration of urea. An off-pathway model
was also examined in which the intermediate represents a

FIGURE 1: Structure of the KIX domain of CBP. The ribbon
diagram was prepared using Molscript (40), and the KIX structure
was from the KIX-pKID complex (Protein Data Bank entry
1KDX) (13).

Scheme 1

kf ) fIkIN ) [KUI/(1 + KUI)]kIN (1)

ln kobs) ln[ KUI exp(-mUI[urea]/RT)

1 + KUI exp(-mUI[urea]/RT)
kIN ×

exp(mIN
*[urea]/RT) + kNI exp(mNI

*[urea]/RT)] (2)
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misfolded species (Scheme 2). In this scheme, the intermedi-
ate cannot fold directly to the native state but must unfold
first to form U. The observed folding rate (kf) is defined by

wherefU is the fractional concentration of the unfolded state.
Using this model, the chevron plot of lnkobs versus urea
concentration was fit to the following equation to determine
the folding and unfolding rate constants in the absence of
denaturant,kUN andkNU, respectively.

wheremUI, mUN
*, andmNU

* are constants that describe how
the natural log ofKUI, kUN, andkNU, respectively, vary as a
function of the concentration of urea.

RESULTS

KIX contains a single buried Trp residue at position 591
in the first 310-helix (13). This residue is largely buried in
the hydrophobic core. The fluorescence emission undergoes
a significant shift in maximum from 307 to 355 nm and an
increase in quantum yield upon unfolding and thus provides
a convenient probe for folding studies (14).

The stability of KIX is pH-dependent with the domain
becoming more thermostable as the pH is increased from 4
to 7.5 (18). The stability, as measured with urea denaturation,
increases from pH 4 to 7.5 but is the same at pH 7.5 and 8.5
(data not shown). Experiments were performed at pH 7.5 so
that the folding kinetics would be determined under condi-
tions where the native state appears to be more stable. A
similar set of measurements was also performed at pH 6.0,
to match conditions used in our initial equilibrium unfolding
studies of the domain (14).

Non-Two-State Folding.The CD and fluorescence-
monitored urea-induced equilibrium unfolding curves show
a slight deviation from exact overlap at pH 7.5 (Figure 2)
similar to that observed previously at pH 6.0 (14). The
fluorescence-monitored unfolding curve is steeper. This
suggests that folding might not be strictly two-state. Fitting
the CD-monitored curve to an apparent two-state transition
yields an apparent midpoint,CM, of 3.62 M urea, an apparent
mvalue of 0.96 kcal mol-1 M-1, and an extrapolated apparent
stability in H2O of -3.48 kcal/mol. Analysis of the fluores-
cence-detected unfolding data yields an apparentCM value
of 3.48 M urea, an apparentmvalue of 1.18 kcal mol-1 M-1,
and an extrapolated apparent stability in H2O of -4.1 kcal/
mol.

Kinetic folding and unfolding experiments were conducted
by urea jump stopped-flow fluorescence detection. The
individual stopped-flow traces exhibited a major fast phase
consisting of approximately 90% of the amplitude and a slow
phase accounting for the remaining 10% with a time constant

of 100 s that is consistent with proline isomerism. The dead
time of the instrument is on the order of 3.5 ms; thus, very
rapid phases would not be directly detectable in a single
curve. The major phase could be fit well by a single
exponential at all final urea concentrations. Representative
refolding and unfolding traces are shown in Figure 3.

The chevron plot allows detection of unresolved interme-
diates (19). In the case of two-state folding, both branches
of the chevron plot are expected to be linear (19). In contrast,
the population of a rapidly formed intermediate leads to a
change in slope at low denaturant concentrations (rollover).
The chevron plot for KIX clearly deviates from the V shape
expected for simple two-state folding (Figure 4). Transient
aggregation during refolding can lead to rollover in chevron
plots (20). Consequently, we examined the concentration
dependence of the refolding rate in the rollover region.
Refolding rates at 0.55 M urea were measured for samples
ranging from a final protein concentration of 5 to 100µM
(Figure 5). The same rate was observed at all protein
concentrations that were tested (5, 45, and 100µM), arguing
against transient aggregation. Deviations from linear chevron
plots can also arise from transition state movement. This
often results in symmetrically curved chevrons. The unfold-
ing branch of the KIX chevron appears to be linear,
suggesting that transition state movement is not occurring.

Additional evidence for non-two-state folding comes from
the analysis of the fluorescence amplitudes of the stopped-
flow experiment (burst phase analysis) (1, 21). Figure 6
shows a plot of the final and extrapolated initial fluorescence
intensity of the stopped-flow measurements as a function of
urea concentration. The final signals correspond to the
equilibrium signal at a given urea concentration, while the
initial signals are the values extrapolated to time zero using
the observed experimental curves at a given urea concentra-
tion. For simple two-state folding, the initial signals for
refolding experiments will lie on the post-transition line,
which indicates that the initial signals are purely due to the
unfolded state (1, 21). In contrast, the initial fluorescence
signals of the refolding curves for KIX significantly deviate
from the post-transition line, suggesting that the folding is
multistate and kinetic folding intermediates exist.

Scheme 2

FIGURE 2: Equilibrium unfolding curves for the urea denaturation
of KIX at pH 7.5 and 25°C, 10 mM sodium phosphate, 150 mM
NaCl. Curves are displayed as plots of the fraction unfolded
measured with fluorescence (O) or the CD signal at 222 nm (b).

kf ) fUkUN ) [KIU/(1 + KIU)]kUN ) [1/(1 + KUI)]kUN (3)

ln kobs) ln[ 1
1 + KUI exp(-mUI[urea]/RT)

kUN ×

exp(mUN
*[urea]/RT) + kNU exp(mNU

*[urea]/RT)] (4)
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The final signals effectively trace out the equilibrium
unfolding transition. A fit of the curve generated by these
points to the standard expression for two-state folding gives
an apparent midpoint,CM, of 3.4 M which is in excellent
agreement with the equilibrium value of 3.48 M (Figure 2).

The apparent stability is-3.7 kcal/mol. This value corre-
sponds to the 90% of the population represented by the major
phase and needs to be corrected for cis-trans proline
isomerism in the unfolded state (22). The corrected value,
-3.6 kcal/mol, is in reasonable agreement with the apparent
equilibrium value of-4.1 kcal/mol obtained by fitting the
equilibrium fluorescence unfolding data. The plot of the
initial signals as a function of urea concentration can be
viewed as an unfolding curve for the intermediate. As
expected, the

FIGURE 3: Stopped-flow traces for the refolding and unfolding of
KIX at pH 7.5 and 25°C. (A) Refolding curve at a final urea
concentration of 1.6 M. (B) Unfolding curve collected at a final
urea concentration of 8.5 M. Solutions contained 150 mM NaCl
and were buffered using 10 mM phosphate.

FIGURE 4: Plot of lnkobsvs the concentration of urea for the folding
and unfolding of KIX at pH 7.5 and 25°C, 10 mM sodium
phosphate, 150 mM NaCl. The lines indicate the best fit to the
three-state on-pathway model described in Experimental Procedures.
The solid line is the unconstrained fit, while the dotted line is from
the fit with mIN

* constrained to bee0.

FIGURE 5: Stopped-flow traces for the refolding of KIX collected
as a function of final protein concentrations. All experiments were
conducted at a final urea concentration of 0.55 M: (A) 5µM KIX,
(B) 45µM KIX, and (C) 100µM KIX. The respective rate constants
are shown. Experiments were conducted at pH 7.5 and 25°C in
150 mM NaCl and 10 mM phosphate.
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intermediate is less stable with an apparentCM of 2.3 M
urea. The stability of the intermediate can be estimated using
the CM value and them value. Directly fitting the initial
amplitude to the expression for equilibrium two-state folding
provides an estimatedm value (1.8( 1.0 kcal mol-1 M-1),
but it is not very reliable because there are only a few points
in the pretransition region and the post-transition has a
significant slope. Analysis of the kinetic data described below
provides an estimatedmvalue for the U to I transition (1.33,
Table 1). Using this value leads to an apparent stability on
the order of 3.1 kcal/mol. A similar value is obtained if the
m value for the complete equilibrium N to U transition is
used.

Kinetic experiments were also performed at pH 6.0. The
signal to noise ratio of the measurements is not as good under
these conditions, but the rollover in the chevron plot is clearly
visible. Analysis of the initial and final amplitudes of the
experiments carried out at pH 6 shows the presence of a
burst phase under these conditions. The intermediate appears
to be less stable at pH 6.0 with the apparentCM slightly
reduced to 1.7 M urea. Thus, the decreased native state
stability at pH 6.0 relative to that at pH 7.5 is mirrored by
a decrease in the stability of the intermediate.

Folding Pathway Analysis of Kinetic Data.The kinetic
data can be modeled in terms of a linear three-state process
involving an on-pathway intermediate. The I to U transition
is rapid and cannot be directly observed. For Scheme 1, the
kinetic analysis yields values for rate constantskIN andkNI

and the apparent equilibrium constantKUI (Table 1). Fitting
the data to the on-pathway model gives aKUI of 149, akIN

of 259 s-1, and akNI of 29.9 s-1.
A model involving a nonproductive off-pathway interme-

diate also fit the data. For Scheme 2, the kinetic analysis
yields values for rate constantskUN andkNU and the apparent
equilibrium constantKUI (Table 1). The analysis leads to
values forKUI of 149 s-1, kUN of 38 500 s-1, andkNU of 29.9
s-1. It is formally impossible to distinguish the on-pathway
from the off-pathway model with the kinetic data at hand.

The off-pathway model seems to be less physical since it
involves folding to an intermediate which is almost as
compact as the native state. This intermediate is then required
to completely unfold to reach the native state in the off-
pathway scenario. In addition, the model yields a folding
rate on the order of 40 000 s-1, which is almost 1 order of
magnitude larger than the value obtained by linear extrapola-
tion of the chevron plot over the region where there is no
rollover.

m values for a transition reflect the change in solvent
accessible surface area between the two states. The fit to
the on-pathway model (Scheme 1) yields values formIN

*,
mNI

*, andmUI. ThemIN
* value describes the dependence of

ln kIN on urea concentration, whilemUI is related to the urea
dependence of lnKUI andmNI

* to the dependence of lnkNI

on urea concentration.mIN
* is relatively small, indicating

that kIN is weakly dependent on urea concentration. An
unconstrained fit gives a positive value ofmIN

* (0.24( 0.04
kcal mol-1 M-1). mIN

* is related to the change in buried
surface area between I and the transition state for folding.
Normally,mIN

*, or mf
* for a two-state folder, is expected to

be less than zero because the transition state is more compact
than the starting state. It is difficult to rationalize the apparent
positive slope since it formally suggests that the transition
state is less compact then I. One possibility is that such an
effect might arise if the intermediate needs to partially unfold
to form the rate-limiting transition state. The slope of the
chevron plot at low urea concentrations is small and
determined by relatively few points that exhibit some scatter
(Figure 4). The data can also be well fit by a model which
constrainsmIN

* to be less than or equal to zero. The rate
constants obtained with this arekIN (355 ( 31 s-1) andkNI

(36( 6.2 s-1) and are in good agreement with those obtained
from the unconstrained fit (Table 1). The value of the pre-
equilibrium constant is larger, but the uncertainty is great
(KUI is equal to 2900( 5100 s-1).

Comparison of Kinetic Refolding and Equilibrium Unfold-
ing Data.The apparent stability andm mvalues determined
from fluorescence-monitored equilibrium unfolding experi-
ments can be compared to the values calculated from the
rate constants as a test of internal consistency. The kinetic
analysis is concerned with only the major phase, and thus,
the values need to be corrected for the effects of cis-trans
isomerism in the unfolded state. The uncorrected∆G° value
is given by

and them value is given by

The corrected value of∆G° is -4.2 kcal/mol. This is in good
agreement with the apparent∆G° value (-4.1 kcal/mol)
determined from equilibrium fluorescence measurements.
The calculatedm value is 1.24 kcal mol-1 M-1, while the
equilibrium value from fluorescence is 1.2 kcal mol-1 M-1.
The differences are small and are less than deviations that
have been reported for other three-state folding proteins (23).
The deviation from the apparent equilibrium parameters

FIGURE 6: Plot of final (b) and initial fluorescence (O) intensities
from kinetic experiments vs urea concentration for KIX at pH 7.5
and 25 °C, 10 mM sodium phosphate, 150 mM NaCl. The
fluorescence signals were derived from stopped-flow experiments.
The final signals are similar to the signal from an equilibrium
unfolding curve, and the empty circles can be regarded as an
unfolding curve for the intermediate. The solid lines indicate the
fit for a two-state model using standard methods.

∆G° ) -RT ln(KUIkIN/kNI) (5)

mUN ) mUI + mNI
* - mIN

* (6)
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deduced by analysis of the CD data (∆G° ) -3.5 kcal/mol,
m ) 0.96 kcal mol-1 M-1) is somewhat larger.

DISCUSSION

Previous equilibrium unfolding studies with CD and
fluorescence spectroscopy of the KIX domain of CBP at pH
6.0 led to the suggestion that folding might not be strictly
two-state. The difference between the experimental unfolding
curves measured with the two techniques was, however, less
than is often observed for proteins that do not follow two-
state folding (14). The kinetic analysis presented here shows
clearly that folding is not two-state. Modeling the folding
process with a three-state on-pathway model indicates that
the protein rapidly forms a compact intermediate and then
subsequently folds to the native state at a rate on the order
of 260 s-1. The rate is slow compared to those of several
other well-characterized helical proteins (9). For example,
an 80-residue monomeric variant ofλ-repressor, the 60-
residue B-domain of protein A, and the 73-residue designed
proteinR-3D fold on the microsecond time scale (24-29).
The 86-residue Im9 protein folds with a rate of 1450 s-1,
while the extrapolated rate for cytochromec553 is 5300 s-1

(23, 30). The folding rate of KIX is also slower than those
of several other all helical proteins that form intermediates.
These include ACBP, the FF domain, and the engrailed
homeodomain, which exhibit folding rates ranging from 650
to more than 30 000 s-1 (23, 31-33).

Early arguments suggested that intermediates would be
less likely to be observed in small relatively unstable proteins
(4). However, this is not the case for KIX. KIX is only
modestly stable with a∆G° of 3.5-4.1 kcal/mol, and still
forms an intermediate. Two other small, modestly stable,
helical proteins have recently been shown to populate folding
intermediates. Both the helical FF domain and the immunity
protein Im7 have fewer than 100 residues and are not
particularly stable yet form intermediates (23, 31). It is
apparent, therefore, that the ability to form a populated
folding intermediate is dependent on the details of the
sequence rather than on the global stability or size.

The observed folding rate of KIX is significantly lower
than that predicted by its relative contact order or by the
topomer search model of two-state folding (6, 7, 34). The
relative contact order of KIX is 9%, calculated using the
NMR structure, which leads to a predicted folding rate of
3.6 × 104 s-1. The topomer search model predicts a rate of
2 × 104 s-1 (34). It has been suggested that the accumulation

of folding intermediates may slow the rate of folding relative
to that expected for a two-state mechanism (35-37). The
slow observed rate constant for KIX suggests that this could
be the case here. Note, however, that folding intermediates
do not always have to lead to slower folding (38, 39).

The slow folding rate of KIX is striking given the simple
nature of the protein, which is monomeric and helical and
lacks disulfide bonds or cofactors. One structural feature of
KIX which is important for the acquisition of native structure
is a buried polar interaction involving Tyr 640 and Arg 600
(13). It is possible that the formation of this buried polar
interaction which involves desolvation of a charged side
chain contributes to slow folding. The formation of a buried
polar interaction has been shown to slow folding in other
systems. For example, replacement of a buried salt bridge
triad of the Arc repressor results in a significantly faster
folding (40).

The KIX folding intermediate is quite compact based on
the urea dependence of the kinetic parameters. The Tanford
â-parameter orâI, which is the ratio of them value for the
U to I transition to them value for complete folding, U to
N, is commonly used as a measure of the compactness of
an intermediate. ReportedâI values range from a low of 0.34
for ACBP to a high of 0.93 for the immunity protein Im9 at
low pH, with all values ofâI greater than 0.7 except for
those of ACBP and Rnase H (23, 31, 32, 41, 42). The value
is close to 1 for KIX, suggesting that I is compact and much
closer to the native state than to the unfolded state. There is
a precedent for compact intermediates from studies of other
proteins (23, 31, 41). It is tempting but difficult to speculate
about the nature of the I to N transition. The transition occurs
between two compact states and thus might involve relatively
subtle structural rearrangements, perhaps involving the
cation-π interaction. Breaking this interaction via mutation
of Arg 600 to Met has been shown to lead to a compact
molten globule-like stucture. Other possibilities include
exclusion of water from a partially desolvated core (43), or
perhaps disruption of interactions that need to be broken to
form the rate-limiting transition state.

The lifetime of the native state of the KIX domain is
relatively short with a rate of unfolding from N to I of∼30
s-1. KIX functions as a protein recognition domain and
mediates a number of important protein-protein interactions.
The ability of KIX to bind the transcriptional activator CREB
is negatively regulated by methylation by CARM1 of KIX
at Arg 600 (44). Arg 600 is both buried and critical for the

Table 1: Kinetic Parameters for the Folding of KIX at pH 7.5 and 25°C Derived from Fits to (A) an Unconstrained On-Pathway Model, (B) a
Constrained On-Pathway Model in WhichmIN

* e 0, and (C) an Off-Pathway Modela

(A) Unconstrained On-Pathway Model

KUI (s-1) mUI (kcal mol-1 M-1) kIN (s-1) kNI (s-1) mIN
* (kcal mol-1 M-1) mNI

* (kcal mol-1 M-1)

149( 65 1.33( 0.06 259( 14 29.9( 3.1 0.24( 0.04 0.14( 0.01

(B) Constrained On-Pathway Model (mIN
* e 0)

KUI (s-1) mUI (kcal mol-1 M-1) kIN (s-1) kNI (s-1) mIN
* (kcal mol-1 M-1) mNI

* (kcal mol-1 M-1)

2897( 5148 1.68( 0.31 355( 31 36( 6.2 e0 0.12( 0.02

(C) Unconstrained Off-Pathway Model

KUI (s-1) mUI (kcal mol-1 M-1) kUN (s-1) kNU (s-1) mUN
* (kcal mol-1 M-1) mNU

* (kcal mol-1 M-1)

149( 66 1.33( 0.06 38500( 17900 29.9( 3.1 -1.1( 0.09 0.14( 0.009
a Experiments were conducted in 10 mM phosphate and 150 mM NaCl buffer.
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formation of the native fold (14). It is intriguing to speculate
that the relatively rapid unfolding of KIX might play a
functional role in the regulation of KIX by rendering Arg
600 susceptible to methylation.

We conclude that KIX folds relatively slowly via a
compact intermediate. This behavior is striking given the
structural simplicity of KIX. The presence of the compact
intermediate leads to a view of KIX folding that is more
aligned with a folding pathway that proceeds via collapse
to a compact intermediate that is followed by reorganization
to the native structure as opposed to a rapid diffusion-
collision mechanism.
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