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The folding kinetics of bovine acyl-CoA binding protein was stud-
ied by 15N relaxation dispersion measurements under equilibrium
conditions. Relaxation dispersion profiles were measured at sev-
eral concentrations of guanidine hydrochloride (GuHCl). The un-
folding rate constant (ku) was determined under conditions favor-
ing folding, for which the folding rate constant (kf) dominates the
relaxation in stopped-flow kinetic measurements. Conversely, kf

was determined under conditions favoring unfolding, for which ku

dominates stopped-flow data. The rates determined by NMR there-
fore complement those from stopped-flow kinetics and define an
‘‘inverted chevron’’ plot. The combination of NMR relaxation and
stopped-flow kinetic measurements allowed determination of kf

and ku in the range from 0.48 M GuHCl to 1.28 M GuHCl. Individ-
ually, the stopped-flow and NMR data fit two-state models for
folding. However, although the values of kf determined by the two
methods agree, the values of ku do not. As a result, a combined
analysis of all data does not comply with a two-state model but
indicates that an unfolding intermediate exists on the native side
of the dominant energy barrier. The denaturant and temperature
dependencies of the chemical shifts and ku indicate that the
intermediate state is structurally similar to the native state. Equi-
librium unfolding monitored by optical spectroscopy corroborate
these conclusions. The temperature dependence of the chemical
shifts identifies regions of the protein that are selectively desta-
bilized in the intermediate. These results illustrate the power of
combining stopped-flow kinetics and NMR spectroscopy to analyze
protein folding.

kinetic analysis � NMR relaxation dispersion � protein folding �
stopped flow

A large number of cellular processes involve complete or
partial unfolding of proteins from their compact native

states. In normal cells, protein unfolding occurs in gene regu-
lation, trafficking, protein degradation, and quality control (1,
2). Disease-related aggregation of proteins also involves partial
unfolding and subsequent oligomerization (3, 4). In many of the
latter cases, it is believed that the cytotoxic species is an
intermediate state that exists before aggregation or fibril for-
mation (5, 6). A full understanding of these processes requires
detailed knowledge of the protein folding mechanisms. Critical
insights have been obtained from the study of small proteins,
which often display apparent two-state kinetics. However, de-
tailed analyses have shown that folding intermediates also exist
for proteins following apparent two-state kinetics (7). The
balance between two- and three-state folding is delicate and may
be shifted by changes in the folding conditions or by mutations
(8–10).

To study the folding process, it is necessary to populate the
unfolded state, commonly achieved by the addition of denatur-
ants, such as guanidine hydrochloride (GuHCl) or urea, which
results in preferential stabilization of expanded conformations
that expose hydrophobic surfaces (11). Traditionally, folding
kinetics has been studied by monitoring the relaxation toward

equilibrium after rapid perturbation of the system. For example,
the response to a rapid change in denaturant concentration can
be monitored by using stopped-flow methods. In this fashion,
folding (unfolding) rates can be measured sensitively only at
denaturant concentrations below (above) the midpoint of the
folding transition, where relaxation to the new equilibrium is
dominated by the folding (unfolding) rate constant. Hence, long
extrapolations are usually necessary to extract the unfolding
rates under physiological conditions at zero denaturant concen-
tration. Protein unfolding under conditions favoring the native
folded state has been studied previously by indirect techniques,
such as proteolytic degradation (12), hydrogen exchange (13,
14), and site-directed chemical labeling (15). However, it may
not always be straightforward to implement these techniques or
to analyze the results.

Recent advances in spin relaxation dispersion methods have
set the scene for detailed studies of conformational exchange
processes on the microsecond to millisecond time-scales (16–
19). One of the great advantages of these techniques is the ability
to measure conformational exchange between states with heavily
skewed populations. Indeed, minor species with a population of
only 1% can be detected, which makes spin relaxation dispersion
ideally suited for the study of transient intermediates in protein
folding and for studying protein unfolding under native-like
conditions (16, 19).

The folding process of the 86-residue acyl-CoA binding pro-
tein (ACBP) has been investigated extensively by a range of
biophysical techniques. The unfolded state has been studied
thoroughly by various NMR experiments, demonstrating that it
is far from random-coil like and that it becomes increasingly
native-like under less denaturing conditions (20–22). Although
the folding process of ACBP appears to follow two-state behav-
ior (23), an early folding intermediate with native-like distances
between the C terminus and helix 3 but with few native contacts
has been observed by fluorescence resonance energy transfer in
combination with rapid mixing (7). Hydrogen exchange pulse
labeling has shown that helical structure forms early in the
folding process, especially in the C-terminal helix 4 (24). The
major folding transition state has been characterized in detail by
� value analyses of a large number of mutants, revealing that
interactions between helices 1, 2, and 4 exist in this state (23, 25).

Here, we have applied 15N Carr–Purcell–Meiboom–Gill
(CPMG) relaxation dispersion experiments to measure unfold-
ing under conditions favoring folding and vice versa. By com-
paring the rates measured by spin relaxation dispersion with
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those from stopped-flow experiments, we detected a native-like
unfolding intermediate under near-native conditions.

Results
Spin Relaxation Dispersions. The protein folding process of ACBP
was characterized by 15N relaxation dispersion experiments at
eight different GuHCl concentrations from 0.48 to 1.28 M at
40°C and at three different temperatures (35°C, 40°C, and 43°C)
at 0.55 M GuHCl. Under all conditions, the folding equilibrium
falls in the slow exchange regime, as verified below. Near the
transition midpoint, two distinct sets of peaks from the folded
and unfolded states are observed that move only slightly relative
to one another as the denaturant concentration is varied (Fig. 1).
For each cross peak, R2

eff was determined as a function of �CPMG,
as exemplified in Fig. 2. At concentrations of GuHCl below 0.9
M, cross peaks are observed only from folded ACBP, allowing
determination of only the rate constant for unfolding, ku.
Conversely, at 1.28 M GuHCl, only the unfolded state is ob-
served, and only the rate constant for folding, kf, can be
determined. At 1 M GuHCl, cross peaks are observed from the
folded and denatured states, enabling simultaneous measure-
ment of ku and kf.

At each denaturant concentration, the parameters of Eq. 1
(namely, ka, ��, and R2) were fitted to the CPMG relaxation
dispersion curve, employing both residue-specific and global
optimizations of ka (in both cases �� and R2 were fitted
individually to each residue). The quality of the fits and the
values of �� and R2 were not significantly different between
the two fitting procedures (Fig. 2); the mean differences in
these parameters at 1 M GuHCl were ����� � 0.0 � 0.2 ppm and
��R2� � 0.0 � 0.4 s�1. These results indicate that the extracted

values of ka accurately report on the global folding process and
that they are not significantly perturbed by any local conforma-
tional f luctuations within the folded or unfolded states. Simi-
larly, the mean difference in ka between the local and global fits
also is insignificant: ��ka� � �0.1 � 2 s�1. The larger standard
deviation of �ka arises because ka is not well determined in the
individual fits for residues with low ��. The large number of
degrees of freedom involved in the global optimization enables
sensitive and accurate determination of ka, even if �� is small or
if ka is close to the noise level of the relaxation dispersions.
Global fitting was therefore applied to measure the folding
and�or unfolding rate constant(s) at each set of conditions. The
minimum value of �� (218 s�1; observed for residue M70) and
the maximum value of kex (99 s�1; determined by stopped flow)
are obtained at 0.48 M GuHCl. These results verify that all
residues are in the slow exchange regime at all denaturant
concentrations and all temperatures. Furthermore, the values of
�� obtained from the relaxation dispersions agree extremely
well with the chemical shift differences measured directly in the
heteronuclear single quantum correlation (HSQC) spectrum,
��HSQC [��� � ��HSQC� � �0.1 � 0.8 ppm], again demon-
strating that the method is robust and that the applied analysis
is valid.

The resulting values of ka obtained from the CPMG relaxation
dispersion experiments define an ‘‘inverted chevron’’ plot that
complements the traditional chevron plot obtained by stopped-
flow experiments, as shown in Fig. 3A.

Equilibrium Unfolding and Stopped-Flow Kinetics. For comparison
with the folding rates determined from NMR relaxation disper-

Fig. 1. 1H–15N correlated spectra from the 15N CPMG relaxation dispersion
measurements of ACBP at pH 5.3 and 40°C in 0.55 M (Left), 1 M (Center), and
1.28 M (Right) GuHCl. Under these conditions, the population of unfolded
protein is �5%, 50%, and 95%. The contour levels of the spectra are adjusted
to show only the major components (i.e., the native state at 0.55 M and the
unfolded state at 1.28 M).

Fig. 2. Representative 15N CPMG relaxation dispersion curve measured on
the cross peaks from residue L61 in folded ACBP at pH 5.3, 1 M GuHCl, and
40°C. The dotted line represents a residue-specific fit of all parameters in Eq.
1: ka � 11.3 � 0.7 s�1, �� � (2.45 � 0.09) � 103 s�1, R2 � 8.0 � 0.5 s�1. The solid
line represents a global fit of ka to all protein residues and a residue-specific
fit of �� and R2: ka � 10.55 � 0.08 s�1, �� � (2.44 � 0.08) � 103 s�1, R2 � 8.4 �
0.3 s�1.

Fig. 3. Folding kinetics and equilibrium stability of ACBP as a function of
[GuHCl] at pH 5.3 and 40°C. (A) Folding kinetics. Shown are the observed rates
measured by stopped flow ({) and the unfolding (�) and folding (F) rates
measured by 15N CPMG relaxation dispersions. Solid lines represent fits of
unfolding rates from relaxation dispersions to Eq. 3, folding rates from
relaxation dispersions to Eq. 4, and the observed folding rate from stopped-
flow data to Eq. 5. The dashed lines represent the best fit of the stopped-flow
data to a two-state model and the unfolding rates extrapolated from the best
fit of the stopped-flow data to the two-state model. See Table 1 for the
optimized parameters. (B) Equilibrium stability measured by ANS fluores-
cence. The solid line represents the fit of the three-state model, and the
dashed line represents the fit of the two-state model. The upper and lower
dotted lines represent the baselines for N and D, respectively. The baseline for
N was estimated as the fluorescence of ACBP�ANS in different concentrations
of NaCl, and the baseline for D was estimated as the fluorescence of ANS in the
absence of ACBP.
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sions, we also studied the folding process at 40°C by stopped-flow
kinetics and equilibrium unfolding using various spectroscopic
probes (Fig. 3; see also Fig. 5, which is published as supporting
information on the PNAS web site). Initially, the rate constants
(kobs) were fitted to an apparent two-state folding model. The
resulting values of kf, mf, ku, and mu at 40°C are listed in Table
1. A two-state folding process was also fitted to the equilibrium
unfolding data measured by Trp fluorescence, yielding �Geq �
14.7 � 0.8 kJ�mol�1 and meq � 15.3 � 0.6 kJ�mol�1, which are
equal to the corresponding values obtained from the kinetic
experiments. Folding kinetics was also measured at 35°C (data
not shown). From the kinetic data obtained at 35°C and 40°C,
together with previously published data on ACBP at 5°C and
25°C (23, 26), the Arrhenius energy of activation for ku at 0.55
M GuHCl was estimated to 225 � 5 kJ�mol�1.

Combined Analysis of NMR and Stopped-Flow Data. Extrapolation of
kf obtained from the two-state analysis of the stopped-flow data
to the GuHCl concentrations covered by the CPMG data yields
values in good agreement between the two methods (Fig. 3). In
contrast, extrapolation of ku from stopped-flow data does not
agree with the values obtained by NMR. The downward curva-
ture in ka is clearly inconsistent with a two-state folding model
and suggests the presence of an intermediate on the native side
of the major transition state of the folding process (Fig. 3). For
this reason, a linear three-state model was considered that
involved the denatured state (D), the folded state (N), and an
intermediate (I), with microscopic rate constants kij (Scheme 1).

In Scheme 1, I is pictured as an on-path obligatory intermediate,
but it should be noted that the following formalism is equally
valid if I is an off-path minor state. In this model, the previously
identified folding intermediate, Iu (7), and the unfolded state, U,
are treated as a single denatured state, D. This simplification will
scale the apparent folding rate constant kDI by the preequilib-
rium between U and Iu as kDI � kIu,N�(1 	 KU,Iu) but will not
influence the measured unfolding rate constants. Specifically,
the unfolding rates determined by NMR will not be affected
because only the flux from I to D is measured in the slow
exchange regime. The NMR and stopped-flow data were fitted
simultaneously to Eqs. 3–5 (see Methods). The excellent agree-
ment of all kinetic data with the three-state model further
indicates that the N to I transition also can be well approximated
as a preequilibrium. The fitted parameters are shown in Table 1.
The midpoint of the N to I transition occurs at 0.68 M GuHCl,
which is well below the midpoint of the I to D transition at 0.93
M GuHCl. Therefore, the denaturant dependence of the N to I
transition will have only a minor effect on the kID rate constant
in the region where both kID and kDI significantly contribute to
the observed rate in the stopped-flow experiments. Accordingly,
the fitted values of kDI, mDI, kID and mID from the combined
three-state fit are almost identical to the corresponding param-

eters km, mf, ku and mu from the two-state fit of the stopped-flow
data. The intermediate state has a population of 10% in 0 M
GuHCl and a maximal population of 47% at 0.78 M GuHCl.

For comparison, we carried out a parallel study with urea as
a denaturant at 25°C (data not shown). The stopped-flow kinetic
and equilibrium stability data are in agreement with a two-state
model. The unfolding rates measured by NMR relaxation dis-
persion at low urea concentrations diverge from the values
extrapolated from the stopped-flow data, just as in the case of
GuHCl. These results indicate that the stabilization of I relative
to N is the result of the denaturing properties of GuHCl and urea
rather than of nonspecific electrostatic screening by GuHCl.

The influence of protein concentration on the measured rates
was investigated by recording additional relaxation dispersions at
0.65 M GuHCl and protein concentrations of 0.25 mM and 0.75
mM. No change in the measured rate was observed, indicating
that dimers or higher oligomers are not significantly populated
during the unfolding process at these concentrations. These
findings agree with previous NMR diffusion measurements (27).

Temperature Dependence of Unfolding Rates. Differences in the
residue-specific temperature dependencies of folding rates mea-
sured by spin relaxation dispersion have been shown to serve as
a sensitive marker for the existence of a folding intermediate in
the fyn Src homology 3 domain (19). In the present case, a
comparison of the residue-specific unfolding rates at 35°C, 40°C,
and 43°C reveals that each individual data set is not significantly
different from the rest treated as a group. Similarly, the tem-
perature dependence of the unfolding rate obtained from the
global fit is not significantly different from the individual data
sets treated as a group (data not shown). Thus, the temperature
variation of ka measured by relaxation dispersion does not
pinpoint the existence of an intermediate state in the present
case, most likely because the chemical shifts of N and I are
similar (see below). From the temperature dependence of ku,app
obtained from the global fits, the Arrhenius energy of activation
at 0.55 M GuHCl was estimated to 232.0 � 0.4 kJ�mol�1, in
excellent agreement with the stopped-flow data.

Near-UV CD and 8-Anilinonaphthalene-1-Sulfonic Acid (ANS) Binding.
To validate the three-state model, equilibrium unfolding titra-
tions were followed by fluorescence of ANS and near-UV CD
spectroscopy (Figs. 3B and 5B). ANS binds to the native state of
ACBP as seen from an increase in the quantum yield and a
distinct shift in the emission spectrum of ANS upon addition of
ACBP (see Fig. 6, which is published as supporting information
on the PNAS web site). Addition of 0.07–0.28 M GuHCl results
in a large decrease in the fluorescence intensity of ANS (Fig. 6).
This initial decrease in ANS fluorescence is due to quenching by
Cl�, similar to what is observed for the Trp fluorescence in
the native state of ACBP and several other proteins (28). The
GuHCl-dependent baseline for the ANS fluorescence in the
native state of ACBP was therefore determined from the ANS
fluorescence at various concentrations of NaCl. Further addition
of GuHCl up to a concentration of 2 M, gradually changes the
ANS spectrum to become indistinguishable from the spectrum
of free ANS (Fig. 6), which is independent of GuHCl concen-
tration. Thus, the ANS fluorescence is independent of GuHCl in
the D state. Assuming that the ANS fluorescence also is inde-

Table 1. Observed folding kinetic parameters for ACBP

Model kDI mDI kID mID KNI mNI

Two states 721 � 85 �11.1 � 0.5 2.8 � 0.3 3.9 � 0.1
Three states 838 � 70 �11.4 � 0.2 4.1 � 1.1 3.4 � 0.4 0.10 � 0.02 8.8 � 1.4

Rates are given in s�1, and m values are given in kJ�mol�1�M�1.

Scheme 1.
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pendent of GuHCl in the I state, the intensity of the ANS
fluorescence in the I and D states were fit to the two- and
three-state models, whereas �GND, �GNI, �GID, and the corre-
sponding m values were kept fixed at the values calculated from
Table 1. As shown in Fig. 3B, the three-state model fits the data
significantly better than the two-state model (P 
 0.0001, F test).
The fitted fluorescence intensities for ANS in the I and D states
are 101 � 10 and 101 � 5, respectively, which is the same as the
intensity of 99 for ANS free in solution. Thus, neither I nor D
binds ANS. Furthermore, it should be noted that the fluores-
cence from ANS bound to N is much lower than that from ANS
bound to acid-unfolded ACBP (27) or from ANS bound to
molten globule intermediates of other proteins (29).

The two- and three-state models also were fit to the near-UV
CD data, using fixed parameters as in the case of the ANS
fluorescence data and fitting only the signal intensities from N,
I, and D, which were assumed to be independent of GuHCl. The
F test indicates that the three-state model fits the data signifi-
cantly better than the two-state model (P 
 0.0001) (Fig. 5B),
although the latter model appears to yield a satisfactory fit. The
cumulative near-UV CD signal for the N, I, and D states are
�741 � 4, �586 � 9, and 65 � 3, respectively.

Chemical Shift Changes of the Folded State. The cross-peak posi-
tions in the 1H–15N HSQC spectrum are only slightly sensitive to
changes in GuHCl concentration (the 15N shifts changes by 
0.4
ppm between 0 and 1 M GuHCl), and only two sets of cross peaks
are observed, corresponding to states N 	 I and D. Furthermore,
the 15N chemical shift differences measured in the HSQC spectra
are very similar to those obtained from fitting Eq. 1 to the
relaxation dispersions. Together, these observations suggest that
I has chemical shifts similar to those of N (��NI � 0). Conse-
quently, N and I are expected to be structurally similar.

Any chemical shift differences between the states N and I
should give rise to changes in the chemical shifts of the cross
peaks from the folded state, as the equilibrium KNI changes with
denaturant concentration. The subtle variation in chemical shift

with GuHCl concentration is hard to interpret, because it
depends both on changes in ionic strength and on structural
differences between N and I. By contrast, 1HN chemical shifts
vary linearly with temperature (30). Deviation from linearity of
the temperature dependence serves as a sensitive indicator of
minute changes in structural equilibria, as demonstrated for
several proteins (31). The curvature depends in a complex
manner on the chemical shift difference between the states, the
temperature coefficients of the chemical shifts in each state, and
�G between the exchanging states (32). In the present case of a
global cooperative transition (where �G is the same for all
residues), the magnitude of the curvature is a measure of the
chemical shift difference between the two states and, hence, of
their structural difference. The magnitude of the curvature can
be assessed as the coefficient of the quadratic term in a
second-order polynomial fit to the chemical shift changes. Fig. 4
summarizes these results for ACBP; graphs of the 1HN chemical
shift changes versus temperature are shown in Fig. 7, which is
published as supporting information on the PNAS web site. It is
evident that the largest effects are observed on one side of helix
3 and for E42 in the overhand loop connecting helices 2 and 3.
Residues in helix 1 also show curvatures above average. Upon
addition of 0.2 M GuHCl, the curvatures decrease (data not
shown), which is expected because increasing denaturant con-
centration (in the range 0–0.68 M GuHCl) acts to equalize the
populations of the exchanging states N and I.

Discussion
The combined analysis of data from 15N CPMG relaxation
dispersion and stopped-flow kinetic measurements reveals an
intermediate in the unfolding process of ACBP. Neither of these
techniques could detect the intermediate independently, but
together the data are clearly inconsistent with a two-state model.
We therefore propose a linear exchange pathway with an inter-
mediate on the native side of the major energy barrier. The
proposed model accounts for our observations in GuHCl and
urea. From the present data we cannot rule out a triangular
exchange mechanism with a direct but slow flux from N to D. The
linear and triangular models can be distinguished based on the
measured ku,app value only at significantly lower denaturant
concentrations than those used here. However, at such low
denaturant concentrations, the unfolding process is too slow to
measure using the relaxation dispersion method. Therefore, we
have taken the simpler linear model to represent the data.

Curvature in the unfolding arm of the inverted chevron plot
also may result from a movement of the transition state for
folding due to the Hammond effect (33, 34). However, if
transition state movement was the source of the curvature in the
unfolding kinetics, then a corresponding curvature should also
be observed in the folding kinetics, which is not the case here,
as concluded from the following arguments. The present exper-
imental data for the folding arm of the chevron plot do not
extend far into the linear region, which might mask some
curvature in the folding kinetics. However, no curvature is
observed in the chevron plots for ACBP obtained at 5°C, 25°C,
and 35°C, where a more extensive part of the folding limb is
sampled. Furthermore, virtually the same m values for folding
are obtained at all these temperatures (mf covering the range
9–11 kJ�mol�1 between 5°C and 40°C), which confirms the linear
denaturant dependence of the folding kinetics and rules out
transition state movement as a source for the curvature in the
inverted chevron plots.

Curvature in the unfolding kinetics could also result from a
change in the relative height of two barriers surrounding a
high-energy intermediate (9, 33). However, the minor changes in
NMR peak positions upon addition of denaturant show that N
and I must be highly similar in structure, which refutes the notion
that N and I may have very different free energies. This

Fig. 4. Relative curvature of the 1HN chemical shifts as a function of tem-
perature in the absence of GuHCl. (A) Relative curvature plotted versus residue
number. The curvature is normalized to the curvature of the chemical shifts for
E42, which shows the largest deviation from linearity. The graph includes only
those residues for which the chemical shift changes are significantly better
represented by a second-order polynomial than a first-order polynomial (P 

0.05, F test). (B) The relative curvature mapped onto the structure of ACBP
(Protein Data Bank ID code 1NTI). The data are color-coded from 0 (yellow) to
1 (red).
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conclusion is further emphasized by the nearly identical tem-
perature dependencies of the unfolding rates measured by NMR
and stopped-flow kinetics. Thus, KNI appears to be only slightly
temperature-dependent, supporting the conclusion that the N
and I states are similar in free energy and structure.

Lastly, curvature in the unfolding kinetics may result if the linear
free energy relationship (Eq. 3) breaks down. The equilibrium
stability that we measured in urea was 25 � 1 kJ�mol�1 at 25°C,
which is the same as the previously reported stability (25.2 � 0.2
kJ�mol�1) in GuHCl at 25°C (22). Therefore, the linear extrapola-
tion method appears to be valid for the current analysis.

The intermediate identified here shows that ACBP is more
stable in water than what would be expected from standard
measurements of equilibrium unfolding induced by GuHCl or
urea. Importantly, the three-state model thus reconciles the
apparent discrepancy between previous observations that the
global stability measured by hydrogen exchange experiments at
25°C is �5.5 kJ�mol�1 higher than the stability obtained from
equilibrium unfolding experiments (35). The fitted value of KIN
obtained in the current study corresponds to �GNI � 5.7
kJ�mol�1 at 25°C, in excellent agreement with the hydrogen
exchange results. Thus, the hydrogen exchange data strongly
support our present conclusions. Although the folding equilib-
rium is well determined by hydrogen exchange, the kinetics is less
reliable. Previous estimates of folding kinetics from hydrogen
exchange experiments yield much lower rates than those found
both in this and other studies of ACBP folding kinetics (35).
These differences are most likely due to difficulties in measuring
hydrogen exchange rates in the true EX1 limit.

We have identified a native-like intermediate in the folding
process of ACBP. The three-state model is based on kinetic
evidence, agrees with previous stability data from hydrogen
exchange experiments, and further provides a significantly im-
proved fit to the equilibrium stability curve measured by ANS
binding but not by Trp fluorescence. Clearly, the difference in
structure between N and I is subtle, as gauged from the chemical
shifts and other spectroscopic probes. The temperature depen-
dence of the 1HN chemical shifts suggests that the structural
changes between N and I occur primarily in helix 3 and to some
extent in helix 1, which is consistent both with the previous
observation that the hydrogen bonds in helices 1 and 3 generally
are less stable than those in the rest of ACBP (35) and with the
20% decrease in the near-UV CD signal of I with respect to N,
which is mainly due to the two Trp residues in helix 3. Further-
more, mutations of residues in helix 3 do not substantially change
the kinetics of the folding process (23), suggesting that this helix
is formed late in the folding process. Conversely, the interaction
between helix 3 and the remainder of the protein is likely
perturbed early in the unfolding process, in agreement with the
present results. Lastly, ACBP apparently binds ANS only in the
N state, suggesting that the binding site for ANS is disrupted in
I, and one can speculate that this involves helix 3 detaching from
the remaining core. In addition, the lack of ANS binding to I
indicates that this state is not molten globule-like.

The m value reflects the sum of changes in excluded volume and
in interactions between the protein and denaturant, both of which
are roughly proportional to the accessible surface area (ASA) (11).
The m values in Table 1 indicate that the difference in ASA between
N and I is 37% of the total difference between N and D [calculated
as mNI�(mNI 	 mID 	 mDI)]. This difference may seem large in light
of the minor chemical shift differences between N and I. However,
the 15N chemical shift is mainly determined by the backbone
conformation (36). Thus, if N and I do not differ substantially in
secondary structure but mainly in the packing of helix 3 against the
remaining core, then the two states can have similar 15N chemical
shifts, although they differ in ASA. Detachment of the region that
experiences the largest structural change between N and I (namely,
residues 40–60) from the rest of the core would account for �15%

of the difference in ASA between the folded state and an extended
chain. However, the unfolded state of ACBP has a high degree of
residual structure (21), implying that the relative change in ASA
should be larger than that calculated by modeling D as an extended
chain. Furthermore, if the I state exposes sites that interact more
favorably with the denaturant than do either N or D, then the
observed m value will be larger than expected from the change in
ASA alone (11). The proposed structural difference between N and
I could therefore lead to the observed value of mNI.

Including the present results, both native-like and unfolded-
like intermediates have been observed in the folding process of
ACBP. It should be noted that none of the intermediates were
identified by traditional stopped-flow experiments but required
the use of techniques that enable detection of transiently and
weakly populated species.

The present report demonstrates the power of combining
stopped-flow kinetic measurements with NMR relaxation dis-
persion methods for probing the folding and unfolding processes
under the full range of conditions favoring the folded and
unfolded states. The prospect of detecting transient intermedi-
ates on the native side of the folding barrier is directly relevant
for probing the early phases of protein unfolding, which promises
to increase our understanding of the molecular basis for a large
number of folding-related diseases.

Methods
Protein Production and NMR Spectroscopy. Unlabeled and 15N-
labeled ACBP were expressed and purified as described in ref.
37. For the relaxation dispersion measurements, samples of
15N-labeled ACBP were prepared in 20 mM NaAc with 10%
2H2O at pH 5.3, at different concentrations of GuHCl. The
protein concentration varied from 0.25 to 1 mM. All experiments
were recorded on a Varian Inova 600. 15N CPMG relaxation-
compensated experiments (38) were performed by using the
constant time approach (39). Relaxation dispersion profiles were
sampled with at least 12 CPMG field strengths (�CPMG) ranging
from 33 to 1,000 Hz, where �CPMG is defined as 1�(4�CPMG) and
2�CPMG is the spacing between two successive 180° pulses in the
CPMG pulse train. Each dispersion profile included two refer-
ence spectra recorded without any CPMG elements (i.e., with a
relaxation delay of zero). Peak intensities were determined by
fitting Gaussian line-shapes to each cross peak using the NMRPIPE
(40) command nlinLS or by summing the intensity in a 5- �
7-point window centered on the cross peak. Effective relaxation
rates, R2

eff, were obtained for all peaks at each CPMG field
strength according to published procedures (39).

Relaxation dispersion profiles were fitted to the expression for
a two-state process in the slow exchange regime, as described in
ref. 18:

R2
eff � R2 � ka� 1 �

sin����CPMG�

���CPMG
� , [1]

where R2 is the transverse relaxation rate of the folded (or
unfolded) state in the absence of exchange, ka is the apparent
rate-constant for unfolding (or folding) obtained by measuring
R2

eff of the folded (or unfolded) state, and �� is the chemical-
shift difference between the folded and unfolded states. Errors
in the fitted parameters were estimated as the asymptotic
standard errors.

The temperature dependence of the 1HN chemical shifts was
measured on two samples (one without GuHCl and one with 0.2 M
GuHCl) containing 0.8 mM ACBP in 20 mM NaAc, 10% 2H2O at
pH 5.3, and 0.1 mM 2,2-dimethyl-2-silapentane-5-sulfonate as
internal chemical shift standard. Eight 1H–15N HSQC spectra were
recorded at temperatures ranging from 25°C to 46°C with an
interval of 3°C. Proton chemical shifts of each amide cross peak
were measured with an accuracy of �1 part per billion. Both first-
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and second-order polynomials were fitted to the chemical shift
versus temperature data for each 1HN resonance. Significant devi-
ations from linearity were identified by F test (P 
 0.05).

Stopped-Flow Kinetics. Experiments were performed on 7.5 	M
ACBP in 20 mM NaAc at pH 5.3 by using a Biologic SFM-3 with
a dead-time of 10 ms. Unfolded ACBP was initially prepared in
3 M GuHCl. Kinetic experiments were performed by 10-fold
dilution of (un)folded protein with appropriate concentrations
of GuHCl. After excitation at 280 nm, Trp fluorescence was
measured with a 305-nm long-pass filter.

Unfolding traces were fitted to monoexponential decays.
Folding traces were fitted to biexponential decays because
refolding involves a slow phase that is most likely due to cis–trans
isomerization of peptidyl-prolyl peptide bonds (23); this phase
was not considered further. The fast folding phase in the
microsecond regime (7) is not observable by using the current
experimental setup. However, the apparent folding rate kf will be
modulated by the preequilibrium resulting in kf � kIu,N�(1 	
KU,Iu), where U denotes the unfolded state, Iu denotes the
collapsed folding intermediate, and N denotes the native state.
kIu,N is the rate constant for the Iu-to-N transition, and KU,Iu is
the equilibrium constant for the U-to-Iu transition. For simplic-
ity, the preequilibrium between U and Iu is treated as a single
denatured state, D.

Equilibrium Stability. All experiments were carried out in 20 mM
NaAc at pH 5.3 with various concentrations of GuHCl. The
protein concentration was 5 	M for measurement of intrinsic
Trp fluorescence and 40 	M for near-UV CD and ANS fluo-
rescence measurements. Samples for ANS fluorescence mea-
surements also included 200 	M ANS. Trp fluorescence was
measured at 356 nm after excitation at 280 nm. ANS fluores-
cence was measured at 486 nm after excitation at 370 nm.

Analysis of Kinetic Folding Data. Initially, folding data from
stopped-flow kinetics and CPMG relaxation dispersions were

fitted separately to two-state models (41). Simultaneous fitting
of stopped-flow and NMR data were fit to a three-state model
(Scheme 1). If kIN, kNI  kDI, kID then the N-to-I transition is
in equilibrium at all times and may be treated collectively as (N 	
I). Thus, at any time

�I� �
KNI

1 � KNI
��N� � �I�� [2]

such that the three-state model reduces to a pseudo two-state
model for which Eq. 1 is still valid with ku,app � kIDKNI(1 	 KNI)�1

in the unfolding reaction. Assuming that the logarithm of each
microscopic rate constant depends linearly on the denaturant
concentration (41), the unfolding rate measured by spin relax-
ation dispersion depends on the denaturant concentration ac-
cording to:

ln ku,app � ln kID � ln KNI � ln (1	KNI)

ln kID � ln kID
0 � mID�RT��1[GuHCl] [3]

ln KNI � ln KNI
0 � mNI�RT��1[GuHCl],

where the superscript 0 indicates the parameter in the absence
of denaturant. The folding rates measured by spin relaxation
dispersion are fit to

ln kDI � ln kDI
0 � mDI�RT��1[GuHCl], [4]

and the stopped-flow data are fit to

ln kobs � ln�kDI � ku,app� . [5]
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