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ABSTRACT: Equilibrium circular dichroism and kinetic stopped-flow fluorescence studies on the stability
and the folding kinetics of a set of Trp to Phe mutants of goatR-lactalbumin (GLA) were used to
characterize the native, intermediate, and transition states of these constructs. GLA contains four tryptophan
residues, three of which, Trp26, Trp104, and Trp118, are located in theR-domain, while the fourth, Trp60,
is located in theâ-domain. Trp26, Trp60, and Trp104 are part of a hydrophobic cluster, whereas Trp118
is situated in a more flexible region near the C-terminal end of the protein. In each case, the mutation
leads to a reduction in the overall stability, but only for W26F and W60F is an equilibrium intermediate
observed in guanidine hydrochloride-induced unfolding experiments. In kinetic refolding experiments,
however, for all samples a burst phase is observed, the amplitude of which depends on the specific mutation.
Refolding and unfolding kinetics can adequately be described by a sequential three-state mechanism.φ
value analysis showed that the local structure around Trp26, Trp60, and Trp104 is formed in the intermediate
and in the transition state of the folding reaction, while around Trp118 no persistent native contacts are
observed. From these findings, we conclude that, although hydrophobicity is a major driving force for
folding, minor steric changes induced by point mutation can considerably influence the overall stability
and the folding process of the protein.

Many proteins populate partially structured intermediates
while folding from the unfolded to the native state (1, 2).
Although the folding pathways of these proteins have been
studied intensively, the debate about the nature of these
intermediate states, their role in the folding process, and their
possible similarity with intermediate states populated under
equilibrium conditions continues (3-5). Specific questions
about the heterogeneity and stability of these intermediate
states remain, and the place and the height of the energy
barriers that separate these states from the native and
unfolded states are often unknown. Therefore, we performed
a systematic study of the influence of point mutations on
the stability and kinetics of the different states that occur
during the folding and unfolding of goatR-lactalbumin.

R-Lactalbumin is a small globular protein of 123 amino
acids that acts as a regulatory subunit of the lactose synthase
system. The structure ofR-LA is made up of a largeR-helical
domain (residues 1-39 and 85-123) and a smallâ-sheet
domain (residues 40-84) which are connected by a calcium-
binding loop (Figure 1) (6, 7). The R-helical domain
comprises four majorR-helices and a short 310-helix. The
â-domain is composed of a three-stranded antiparallel
â-sheet, a loop structure, and a short 310-helix. All R-lac-
talbumins investigated thus far, including the goat protein
(GLA),1 form a molten globule state under a variety of
conditions such as low pH, moderate denaturant concentra-
tion, and depletion of Ca2+ ions (8, 9). GLA possesses four

tryptophans at positions 26, 60, 104, and 118 (Figure 1).
Trp26, Trp104, and Trp118 are in theR-domain of the
protein. Their position in that domain, however, is different.
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FIGURE 1: Crystal structure of goat LA generated from coordinates
deposited in the Protein Data Bank [entry 1HFY (7)] using SWISS-
MODEL (47). The side chains of the four Trp residues are
represented by sticks. Helices are colored red, and theâ-sheet is
colored yellow. The arrow indicates the Ca2+-binding site with
Lys79, Asp82, Asp84, Asp87, and Asp88 as ligands.
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Trp118 is situated in a more flexible region near the
C-terminal end of the protein and forms aromatic cluster I
together with Phe31 and His32. Trp26 and Trp104 are part
of the so-called hydrophobic box or aromatic cluster II
together with Tyr103 in theR-domain and Phe53 and Trp60
in the â-domain.

From stopped-flow fluorescence and circular dichroism
measurements, it is well-known that during refoldingR-LA
exhibits a kinetic intermediate which accumulates within the
first milliseconds giving rise to an apparent burst phase (10,
11). This early kinetic intermediate is compact and contains
extensive and fixed secondary structure but has fluctuating
tertiary interactions. It thus resembles the partially folded
molten globule found under equilibrium conditions (8, 12).
Such a partially folded kinetic intermediate has been observed
for many proteins, and different techniques such as NMR
and hydrogen exchange have been used for the structural
characterization of this transient intermediate (13). An
alternative way to monitor specific individual interactions
in transiently formed folding intermediates is given by the
analysis of the changes in kinetics induced by specific
mutations in the protein (14-17). We adopted the latter
method for GLA in which each of the Trp residues in turn
was changed to Phe. The kinetics of the wild-type protein
and the influence of environmental conditions such as pH
and Ca2+ binding were examined previously (18). In this
work, we report on how a single Trp to Phe mutation affects
the stability of the kinetic intermediate, the transition state,
and the native state. By stopped-flow fluorescence experi-
ments andφ value analysis, we furthermore have tried to
discriminate between the influence of a mutation in the
hydrophobic core and that of a mutation at the protein
surface.

The results indicate that the kinetic intermediate states of
the various mutants exhibit different stabilities. Furthermore,
there is a strong correlation between the stability of the
kinetic intermediate state and that of the native state. The
energy level of the transition state, however, is much less
affected by the location of the mutation site. Modeling of
the kinetic results leads to the conclusion that the native and
kinetic intermediate states of the W26F mutant are severely
destabilized. Our result suggests that, although hydrophobic-
ity is an important driving force for folding, it is not the
only factor that leads to native tertiary contacts. The steric
specificity of the amino acid is also a determinant for the
stability of the kinetic intermediate and for the way in which
the final native structure is established.

MATERIALS AND METHODS

Construction of Wild-Type GLA and Single-Trp Mutants
of GLA. Recombinant GLA and its Trp mutants were
expressed inPichia pastoris.This expression system secretes
native GLA without the extra N-terminal methionine which
is present in the production withEscherichia coli. This is of
major importance as it has been shown that methionyl-LA
has more solvent accessible Trp residues, a lower stability,
and a decreased calcium affinity compared to the authentic
protein (19, 20). Furthermore, the wild-type protein expressed
in P. pastoris has been shown to possess spectroscopic
properties identical to those of GLA from milk whey (21).
The latter reference also contains the details on the construc-

tion, expression, and purification of the GLA mutants with
a single Trp exchanged for Phe. A substitution with Phe has
been chosen because of its hydrophobic character and its
rather low fluorescence relative to that of either tryptophan
or tyrosine. Moreover, in various proteins, it has been
demonstrated that this substitution can be effectuated with
conservation of the overall conformation (22, 23).

Equilibrium Circular Dichroism Experiments.Circular
dichroism measurements were carried out on a Jasco J-600A
spectropolarimeter using cuvettes with a path length of 1
cm in the near-UV region and of 1 mm in the far-UV region.
The data were expressed as molar ellipticity [θ] (degree
square centimeter per decimole). The protein concentration
was ∼0.3 mg/mL. Before a spectrum was recorded, the
protein samples were left to equilibrate at 25°C for 10 min
in the presence of various GdnHCl concentrations. Unless
mentioned otherwise, all experiments were conducted in 20
mM Tris, 10 mM Ca2+, and 80 mM Na+ at pH 7.5.

Kinetic Experiments.Fluorescence folding and unfolding
experiments were performed on a SX.18MV sequential
mixing stopped-flow spectrometer from Applied Photophys-
ics (Leatherhead, U.K.). The stopped-flow unit and the
observation cell with a path length of 2 mm were thermo-
stated with circulating water from a temperature-controlled
bath. A monochromator was used for excitation at 280 nm
and, the fluorescence emission was measured using a high-
pass filter with a 320 nm cutoff. The dead time of the
instrument was estimated to be∼2 ms. Kinetic traces were
measured 10-12 times, averaged, and analyzed as a sum of
exponential functions by using the manufacturer’s software.
The initial protein concentration was∼1.3 mg/mL. After the
protein was mixed with buffer in a 1/10 ratio, this leads to
a final concentration of∼0.12 mg/mL in the cell.

Thermodynamic Analysis of the Equilibrium Unfolding
Data.For a two-state transition, the observed signalSobscan
be expressed as a function of the denaturant concentrationc
by the following equation (24):

where∆GNU
H2O is the Gibbs free energy difference between

the native and unfolded state in 0 M GdnHCl andmNU is
the cooperativity index of the transition. We further assume
that SN andSU vary linearly with denaturant concentration.

For the proteins that exhibit a three-state transition, we
used a more complex variant of eq 1, in which the population
of the intermediate state is explicitly taken into account (25,
26):

In this expression, the observed signalSobs(c) at any GdnHCl
concentration is the weighted sum of the individual contribu-
tions originating from the N, I, and U states, respectively.

The CD and fluorescence data were analyzed by global
fitting using eq 2 with∆GNI

H2O, ∆GNU
H2O, mNI, and mNU as

Sobs(c) )
SN + SU exp[-(∆GNU

H2O - mNUc)/RT]

1 + exp[-(∆GNU
H2O - mNUc)/RT]

(1)

Sobs(c) )

SN + SI exp[-(∆GNI
H2O - mNIc)/RT] +

SU exp[-(∆GNU
H2O - mNUc)/RT]

1 + exp[-(∆GNI
H2O - mNIc)/RT] +

exp[-(∆GNU
H2O - mNUc)/RT]

(2)
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fitting variables. In the analysis, we initially setSI equal to
SU for the fluorescence and CD measurements at 270 nm
andSI equal toSN for the experiments at 222 nm.

RESULTS

Circular Dichroism Spectra.Figure 2 shows the far- and
near-UV CD spectra of wild-type GLA and the four Trp
mutants in the native state at 25°C. In the far-UV region,
the effects of the mutation on the CD spectrum are very
limited. The overall shape and the pronounced negative
ellipticity with double minima between 200 and 230 nm are
conserved for all the proteins, referring to the same secondary
structure. The spectra differ mostly in the 220-230 nm
region. In that wavelength region, aromatic side chains could
complement the dominant contribution of theR-helices to
the spectrum (27). The depth of the shoulder around 230
nm is unaffected when Trp118 is replaced but diminishes
gradually when in turn Trp26, Trp104, and finally Trp60
are mutated to Phe.

The most remarkable feature in the near-UV spectrum of
all lactalbumins is the deep trough near 270 nm. Its
amplitude, being the largest for wild-type GLA with four
Trp residues, diminishes whenever a Trp residue is mutated.
Figure 2B shows that this decrease strongly depends on
which Trp is replaced. The strongest reduction is observed
in W104F and the smallest one in W60F. The difference
spectra (mutant minus wild type) for the different constructs
of GLA are shown in Figure 2C. Such a difference spectrum
can be expected to reveal the net contribution of each mutated
tryptophan to the total near-UV CD spectrum of the wild-
type protein. All these difference spectra exhibit clear peaks
at 271 and 282 nm which are known as the tryptophan bands
in the CD spectrum. The contribution of each of the three
Trp residues situated in theR-domain is more important than
that of Trp60 situated in theâ-domain. Trp118 and Trp26
contribute in a nearly equal manner, and Trp104 has the
largest CD band at 271 nm and is thus responsible for the
major contribution in the near-UV CD spectrum of the
protein. Trp60 which has the slightest contribution in the
overall spectrum has a clear positive band at 293 nm.

Equilibrium Unfolding Studies.Equilibrium unfolding CD
data at 222 and 270 nm were obtained for wt GLA, W118F,
W104F, W60F, and W26F at pH 7.5 and 25°C (Figures 3
and 4). As reported previously, the unfolding of recombinant
wild-type GLA is identical with that of authentic GLA
derived from milk (28). The midpoint of the transition is
situated at 3.63 M. In accordance with the results of
Chaudhuri et al. (20), our wild-type GLA is considerably
more stable (42.84 kJ/mol compared to 25.91 kJ/mol) than
that used in other experiments, where the wild-type GLA
contains an extra methionine at the C-terminus (26). The
transition curves obtained at 222 and 270 nm are completely
coincident within experimental error (Figure 3), supporting
our previous conclusion that the GdnHCl-induced equilib-
rium unfolding of GLA is purely two-state (18). This is also
the case for the W104F and W118F mutants (not shown).
For wt GLA, W104F, and W118F, our experimental data
observed at 222 and 270 nm (Figure 3) perfectly fit the
theoretical curve obtained by a nonlinear least-squares
method using eq 1. The resulting values of the thermody-
namic parameters∆GNU

H2O andmNU are listed in Table 1. The
stability of W104F, however, has decreased by 9.50 kJ/mol,
but it is not affected by the W118F mutation. Whereas the
effect of the replacement of Trp118, situated near the

FIGURE 2: (A) Far-UV and (B) near-UV CD spectra of wild-type
GLA (black), W118F (red), W104F (magenta), W60F (blue), and
W26F (green) at pH 7.5 and 25°C. The difference spectra (mutant
minus wild type) are shown in panel C. These spectra were recorded
in 10 mM Tris and 2 mM Ca2+.

FIGURE 3: Equilibrium chemical denaturation of wild-type GLA.
The ellipticity at 222 (O) and 270 nm (b) is plotted as a function
of GdnHCl concentration. The solid line is the fit that results from
the two-state model with the parameters from Table 1.
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C-terminus, is rather limited, the replacement of Trp104,
which belongs to the hydrophobic box, is more drastic. In
contrast with the unfolding behavior of the former proteins,
the transitions observed upon the unfolding of the secondary
and tertiary structure no longer coincide for W60F and W26F
(Figure 4). For W60F, the CD signal measured at 270 nm
has a markedly lower transition midpoint than the CD curve
measured at 222 nm, indicating that the disruption of tertiary
structure precedes the loss of secondary structure and gives
rise to one or more partially folded intermediate states.
Similarly for W26F, the fluorescence transition curve and
the far-UV CD transition curve are clearly uncoupled. In
this case, the secondary structure unfolding extends over a
broad concentration range with a midpoint at 2.81 M.

For the analysis of the unfolding transition of W26F and
W60F, eq 2 was used with∆GNI

H2O, ∆GNU
H2O, mNI, andmNU as

fitting variables. The results are also listed in Table 1. The
theoretical curves drawn with the obtained parameter values
fit very well our experimental data (Figure 4), and the
equilibrium transition of W26F and W60F, therefore, can
be excellently described by the three-state model.

Folding and Unfolding Kinetics.Figure 5A shows the
kinetic refolding traces obtained in a stopped-flow fluores-
cence experiment with a refolding buffer leading to a final
concentration of 0.54 M GdnHCl.

The traces plotted in Figure 5A are normalized with as
reference the fluorescence intensity of the unfolded protein
under refolding conditions (0.54 M GdnHCl), and they show
that a substantial intensity change occurs within the dead
time (2 ms) of the stopped-flow experiment. This signal loss,

also called burst phase amplitude, varies strongly, from 6 to
55%, depending on the specific mutant.

The observable part of the signal can best be fitted to a
three-exponential function. For each of the proteins, however,
the amplitude of the third phase is so small (less than 2.5%)
that it will be omitted. In a biexponential analysis, the two
rate constantsk1 andk2 for the wt protein amount to 20.8(
0.5 and 2.06( 0.1 s-1, respectively, with fractional
amplitudes of 90.4 and 9.6% of the observed intensity
change, respectively (Table 2). The mutation of Trp118
leaves these parameters practically unchanged, and the
mutation of Trp26 hardly influences the rate constants.
Substitution of Trp60, however, reducesk1 to 11.9 ( 0.5
s-1 without a significant change ink2 or in the contributions
of the respective amplitudes. In W104F, finally both rate
constants have increased.

In Figure 5B, the normalized fluorescence intensity during
the unfolding process to a final GdnHCl concentration of
5.05 M is depicted. For all samples, the evolution toward
the unfolded state, the fluorescence of which has been set
to 1, can be described by a single-exponential function (Table
2). Mutation of Trp118, Trp104, and Trp26 causes increases
in the unfolding rate constant of factors of 2, 7, and 100,
respectively, while the replacement of Trp60 has practically
no effect. None of the samples shows a fluorescence intensity
change during the dead time, and except for W26F, the
unfolding rate constant is lower than the refolding rate
constant.

In general, when a protein unfolds, Trp residues become
more and more water accessible, and therefore, the intensity
of the fluorescence emission of the protein decreases due to
a higher rate of internal conversion (29). In GLA and its
Trp mutants, we observe just the opposite: the intensity in
the unfolded state increases with respect to the intensity in
the native state due to a very important loss of internal
quenching. In absolute terms, the fluorescence intensity
change during refolding is the largest in wild-type GLA, the
fluorescence of which is largely quenched in the native state
as has been concluded previously from static fluorescence
spectra (21).

Dependence on GdnHCl Concentration and CheVron
Plots.The stopped-flow technique was also used to monitor
the fluorescence intensity of the remaining tryptophans in
GLA and its mutants during refolding and unfolding by
dilution with buffers containing various final GdnHCl
concentrations. Figure 6A represents the denaturant depen-
dence of the initial and final fluorescence intensities for wt
GLA. The U to N transition obtained from these kinetic
experiments is comparable to that from the equilibrium
experiments. Below 1.5 M GdnHCl, the initial amplitude
deviates from the intensity expected for the fully unfolded
protein. This refers to an unresolved folding event during
the dead time and reflects the presence of a burst phase
intermediate. The chevron plot (Figure 6B) shows a mini-
mum that coincides with the midpoint of the N to U transition
derived from the final intensities observed in the kinetic
traces. As can be seen in Figure 6, the refolding and
unfolding behavior of our wt GLA is completely identical
with that of authentic GLA, derived from goat milk.

Figure 7 shows the initial and final fluorescence intensities
and the chevron plots for the W26F, W60F, W104F, and
W118F mutants. Once refolding has occurred, in each case

FIGURE 4: GdnHCl-induced equilibrium unfolding transition of
W60F (A) and W26F (B) measured by the CD ellipticity at 222
(O) and 270 nm (b) for the W60F mutant and by the CD ellipticity
at 222 nm (O) and the shift of the wavelength maximum (b) of
the fluorescence for the W26F mutant. The solid line that fits the
data points results from the equilibrium three-state model with the
parameters listed in Table 1.
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a burst phase is detected by the deviation of the initial
intensity from the extrapolated fluorescence intensity of the
unfolded protein. Among the two phases observed in the
refolding process, the fastest one has the larger amplitude
and its rate constant decreases with an increase in denaturant
concentration. The rate constant of the slower phase,
however, is nearly independent of the GdnHCl concentration.
This type of behavior refers to a slow isomerization around

an X-Pro bond rather than to a specific folding event (18,
26). In the chevron plots, the denaturant dependence of the
observed rates deviates from linearity at low (<1-2 M) and
at high (>4.5-5 M) GdnHCl concentrations. The missing
amplitude at the start of the refolding and the nonlinear rate
profile with a decreasing slope at low GdnHCl concentrations
are inconsistent with a simple two-state folding process and
suggest the involvement of transient intermediates during the
refolding process (12, 14, 15). The unfolding rate increases
linearly with an increase in denaturant concentration up to
approximately 5 M GdnHCl but deviates from linearity under
stronger unfolding conditions. This rollover in the unfolding
limb has been suggested to possibly originate from the effect
of viscosity (30, 31). As solutions with high concentrations
of GdnHCl are significantly viscous (32), they therefore
could diminish the value of the apparent rate constant. To
estimate the effect of GdnHCl viscosity, the observed rates

Table 1: Equilibrium Denaturation Parameters of Trp Mutants of GLA

∆GNU
H2O (kJ mol-1) mNU (kJ mol-1 M-1) ∆GNI

H2O (kJ mol-1) mNI (kJ mol-1 M-1) ∆GIU
H2O (kJ mol-1) mIU (kJ mol-1 M-1)

wt 42.84( 1.33 12.56( 0.95
W118F 43.50( 2.64 12.80( 1.96
W104F 33.34( 2.02 11.73( 1.62
W60F 37.53( 1.86 11.09( 0.92 20.82( 3.56 6.33( 0.41 16.71( 4.01 4.76( 1.01
W26F 32.80( 1.89 11.75( 0.95 17.50( 2.33 6.91( 0.82 15.30( 2.29 4.84( 0.97

FIGURE 5: Time course of (A) kinetic refolding after dilution from
6 to 0.54 M GdnHCl and (B) kinetic unfolding after addition of
GdnHCl to a final concentration of 5.05 M for wild-type GLA (9)
and for mutants W118F (0), W104F (O), W60F (4), and W26F
([) monitored by stopped-flow fluorescence. The solid lines
represent double-exponential (A) and single-exponential (B) fits
through the experimental data. The parameters are summarized in
Table 1.

Table 2: Refolding Rates of GLA and Its Mutants in 0.54 M
GdnHCl (pH 7.5), 20 mM Tris, 10 mM Ca2+, and 80 mM Na+ at
25 °C

A1
a

(%)
k1,ref

(s-1)
A2

a

(%)
k2,ref

(s-1)
burst phase

(%)
kunf

b

(s-1)

authentic 88.5 19.5 11.5 2.21 7.3 0.54
wt 90.4 20.8 9.6 2.06 7.3 0.68
W118F 89.3 21.7 10.7 2.86 44.3 1.23
W104F 80.1 28.2 19.9 3.06 54.9 4.89
W60F 86.7 11.9 13.3 2.01 26.4 0.65
W26F 89.3 17.5 10.7 2.57 6.3 68.8

a A1 andA2 represent the fractional amplitudes of the refolding signal
after the dead time in a biexponential analysis.b The unfolding rates
are determined in 5.05 M GdnHCl.

FIGURE 6: Dependence of the kinetics of refolding and unfolding
of wt GLA on the GdnHCl concentration at pH 7.5 and 25°C. In
panel A, the initial (0 and9) and final (O andb) values of the
fluorescence intensity during folding (0 andO) and unfolding (9
andb) are shown. The dotted line at the top of the figure shows
the fluorescence intensity expected for the unfolded state, assuming
that it changes linearly with denaturant concentration. The dotted
line at the bottom has the same meaning, but this time for the native
state. In panel B, the observed rate constants of folding (O and4)
and unfolding (b and 2) are shown for wt GLA (O and b) and
authentic GLA (4 and 2) as a function of the final GdnHCl
concentration. The solid line through the data of wt GLA is the
result of the fit with the three-state on-pathway model with thec2

term in the unfolding limb.
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were corrected as described by Jacob and Schmid (33). This
correction reduces the curvature in the unfolding limb, but
the curvature does not disappear entirely (Figure 7). There-
fore, it is very unlikely that the curvature in the chevron
plots is uniquely caused by effects induced by specific
experimental conditions. It rather could be related to the
intrinsic folding behavior. On the other hand, it must be
remembered that the unfolding process evolves in a mono-
exponential way and that no fluorescence intensity change
is observed during the dead time.

Modeling of the Kinetic Results.It has been proposed
recently that the chevron plots, which represent the folding
and unfolding kinetics of authentic GLA, can adequately be
described by a three-state model in which the intermediate
is assumed to be formed on-pathway within the dead time
of the stopped-flow experiment (18). The unfolded state and
the intermediate state equilibrate with each other in a very
fast but obligatory step with an equilibrium constantKUI

()kUI/kIU). In general, the rate constantλ1 ()kUI + kIU) related
to this process cannot be measured directly. In this on-

pathway model, the rate constant that corresponds to the I
to N transition is rate-limiting and can be described by

The major rate constant that is observed in our measurements
corresponds to this quantityλ2.

The folding and unfolding rate constants can be described
by eqs 4 and 5, respectively.

The three quantities lnkIN, ln kNI, andKUI are presumed to
vary linearly with the GdnHCl concentration. As a conse-

FIGURE 7: Initial (0 and 9) and final (O and b) values of fluorescence intensity and observed rates (O and b) obtained from kinetic
folding (0 andO) and unfolding (9 andb) experiments on W118F (A and B), W104F (C and D), W60F (E and F), and W26F (G and H).
The diamonds in panels B, D, F, and H are the observed rates of folding (]) and unfolding ([), corrected for the intrinsic effects of the
viscosity of the GdnHCl solution (see the text). In the latter panels, the fit to the three-state on-pathway model with thec2 term in the
unfolding limb is shown as a solid line. The experimental conditions are the same as for wt GLA.

λ2 )
KUI

1 + KUI
kIN + kNI (3)

kf ) fIkIN )
KUI

1 + KUI
kIN (4)

ku ) kNI (5)
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quence, theλ2 ) kobs relation can be written as

wherekij
H2O values are the microscopic rate constants for the

conversion from state i to state j in the absence of denaturant
and mij

q represents the dependence ofkij on denaturant
concentration. This type of analysis, which implies a linear
dependence of lnkNI on the denaturant concentration, leads
to a linear behavior in the unfolding limb and to a constant
value formNI

q . The data obtained for the different mutants,
however, show a deviation of linearity in the unfolding limb
(Figure 7). Such a curvature in the unfolding branch of a
chevron plot has been seen in many other proteins and can
often be related to a nonlinear dependence of lnkNI on
denaturant concentration (34-41):

When eq 7 is taken into account, the theoretical model indeed
better fits our experimental data, and the resulting kinetic
parameters are summarized in Table 3.

The m value of the unfolding process is defined as the
derivative of lnku to c and thus can be written as

The position of the intermediate state (âI) and of the rate-
limiting transition state (âq) along the reaction coordinate
can be obtained from the kineticm values derived from the
modeling as follows:

The values of these parameters are calculated at thecM of

the wt protein (Table 3). The position of the transition state
on the reaction coordinate is practically constant for all
samples except for W26F. With regard to the position of
the intermediate state, we also found a nearly constant value
with the exception of that of W104F. Whether this movement
of the transition state is due to continuous Hammond
behavior across energy barriers (37, 42) or to a change in
the rate-limiting step of the reaction (39, 43) remains to be
further investigated by the analysis of a larger set of mutants.

φ Value Analysis.The structure of the transition states and
the intermediate states that occur during the folding process
may be inferred from the changes in the kinetics of folding
upon mutation (44). This procedure, known asφ value
analysis, makes use of the difference of the Gibbs free energy
between the wild type and the mutant protein:

Theφ value of the kinetic intermediate state is then defined
as

and that of the transition state as

A φ value of 0 for the intermediate state means that, upon
mutation, the energy of the intermediate state is perturbed
by the same amount as that of the denatured state. Aφ value
of 1 means that the intermediate state is perturbed by the
same amount as the native state. Therefore, aφ of 0 refers
to a structure at the mutation site that is as unfolded as it is
in the denatured state, while aφ of 1 refers to a structure as
much folded as in the native state.

Theφ values of all the Trp mutants were calculated with
eqs 11-13 and are summarized in Table 3. The∆∆GITS is
determined from thekIN

H2O values for the wild type and the
mutants as

Table 3: Kinetic Parameters Derived by Using a Three-State On-Pathway Model with thec2 Term for wt GLA and Trp Mutants at pH 7.5 and
25 °C

wt GLA W118F W104F W60F W26F

∆GUI
H2O (kJ/mol) -12.20( 1.10 -11.74( 1.41 -6.29( 1.04 -5.45( 1.02 -2.70( 0.90

mUI (kJ mol-1 M-1) 5.17( 0.42 5.07( 0.4 5.85( 0.22 3.25( 0.71 3.25( 0.43
kIN

H2O (s-1) 42.3( 1.4 43.1( 1.2 43.78( 2.08 35.0( 1.6 43.40( 1.60

mIN
q (kJ mol-1 M-1) -3.08( 0.10 -3.08( 0.11 -0.98( 0.55 -3.84( 0.31 -1.62( 0.24

kNI
H2O (s-1) (2 ( 0.5)× 10-4 (1 ( 0.8)× 10-5 (2.4( 1.3)× 10-4 (2.3( 1.1)× 10-4 (2.7( 0.8)× 10-4

mIN
q (kJ mol-1 M-1) 5.40( 1.2 7.87( 0.91 7.59( 0.72 4.64( 0.86 9.27( 0.51

b (kJ mol-1 M-2) -0.15( 0.05 -0.42( 0.04 -0.53( 0.07 -0.15( 0.02 -0.65( 0.09
cM (M)a 3.48 3.38 2.79 3.07 2.58
∆GUN

H2O (kJ/mol)b -42.52( 1.15 -49.59( 2.3 -36.30( 1.79 -35 ( 1.05 -32.40( 1.21
mUN

c (kJ mol-1 M-1) 13.13( 1.29 13.19( 0.99 11.47( 0.93 10.80( 1.15 10.79( 1.06
φI - -0.06 0.95 0.90 0.94
φq - -0.07 0.96 0.84 0.93
âq 0.63 0.62 0.63 0.66 0.50
âI 0.39 0.38 0.54 0.30 0.33

a The cM value is determined by the conditionkf ) ku. b ∆GUN
H2O ) ∆GUI

H2O - RT ln(kIN
H2O/kNI

H2O). c The mUN value is calculated at the midpoint of
the transition according to the equationmUN ) mUI - mIN

q + mu.

kobs) e-(∆GUI
H2O-mUIc)/RT

1 + e-(∆GUI
H2O-mUIc)/RT

kIN
H2Oe

mIN
q c

RT
+ kNI

H2Oe
mNI

q c

RT
(6)

ln ku ) ln kNI ) ln kNI
H2O +

mNI
q c

RT
+ bc2

RT
(7)

mu ) mNI
q + 2bc (8)

âI )
mUI

mUI - mIN
q + mu

(9)

âq )
mUI - mIN

q

mUI - mIN
q + mu

(10)

∆∆GUN(c) ) ∆GUN
wt (c) - ∆GUN

mut(c) (11)

φI ) ∆∆GUI/∆∆GUN (12)

φ
q )

∆∆GUI + ∆∆GITS

∆∆GUN
(13)

∆∆GITS ) -RT ln(kIN
wt/kIN

mut) (14)
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The φI values of W26F, W60F, and W104F are close to 1
which means that, when Trp26, Trp60, or Trp104 is replaced
with Phe, the kinetic intermediate and the native state are
destabilized by the same amount. In other words, in these
proteins the intermediate state at the mutation site has a native
character. In contrast, theφI value for the intermediate of
W118F is 0, reflecting the fact that in the intermediate state
the mutation site is still unfolded. Similar results were found
for φq, indicating that the mutation of Trp118 has no specific
effect on the transition state.

DISCUSSION

Equilibrium Unfolding of the Trp Mutants.The replace-
ment of Trp118 with Phe does not affect the stability of the
protein within the error limit, while the mutation of Trp104
obviously reduces the stability of the native conformation
(Table 1). For both proteins, however, the unfolding transi-
tion preserves the two-state character observed in wild-type
GLA. On the other hand, the replacement of Trp60 or Trp26
in GLA makes the equilibrium unfolding behavior more
complex. The noncoincidence of the near-UV CD or
fluorescence transition curve and the far-UV CD transition
curve (Figure 4) clearly shows that the disruption of the
secondary and tertiary structure is uncoupled, as in the case
of authenticR-lactalbumin at low pH or in the Ca2+-free
form. The breakdown of the global cooperativity detected
for these Trp mutants demonstrates that well-chosen point
mutations can also be used to enhance the population of a
partially folded form. Similar noncoincident transition curves
where obtained for nine other mutants of GLA under
somewhat different experimental conditions (26).

It is well-known that the native state of allR-lactalbumins,
goatR-lactalbumin included, is stabilized by the addition of
Ca2+ ions and also that this Ca2+ form undergoes a
cooperative two-state unfolding transition between the native
and unfolded state (45). A molten globule intermediate only
appears at low pH or in the apo form. For GLA, this
intermediate has been observed in the absence of Ca2+ ions
at neutral pH in 1.5 M GdnHCl or in the presence of 10
mM Ca2+ at pH 4.5 in 3.1 M GdnHCl (18). It is thus
remarkable that a molten globule state can also be induced
by a point mutation in the presence of a high Ca2+

concentration at neutral pH, as observed in this study for
W60F and W26F. It is interesting to compare the thermo-
dynamic parameters obtained from the analysis of the
equilibrium unfolding curves of W60F and W26F (Table 1)
with the corresponding parameters of authentic GLA at pH
4.5 that have been obtained in our previous study (18). The
thermodynamic stability of the molten globule state compared
to that of the fully unfolded state (∆GIU

H2O) for GLA in the
presence of 10 mM Ca2+ at pH 4.5 and the∆GIU

H2O values
for the W26F and the W60F mutants are very similar (∼16
kJ/mol). Furthermore, the correspondingmIU values are on
the same order of magnitude (Table 1). These findings
strongly suggest the similarity of both equilibrium intermedi-
ates. For these Trp mutants and for authentic GLA at pH
4.5, the calculated∆GNU

H2O values (32.8, 37.5, and 28.4 kJ/
mol, respectively) are markedly lower than the corresponding
value of wt GLA at pH 7.5 (42.84 kJ/mol), indicating that
the native state in the former samples is destabilized (18).
The destabilization induced by mutation, however, is less
drastic than that induced by lowering the pH.

Effect of Trp Mutation on the Kinetic Intermediate and
the Transition State.From Figures 6 and 7 it is clear that
wild-type GLA and the four mutants refold through a kinetic
intermediate state. This state, however, is obviously not the
same for the different proteins as the degree to which it is
formed and the rate at which it is formed vary for each
sample (Table 2).

Moreover, the kinetic parameters related to the intermedi-
ate state show the distinctive influence of the respective
mutations (Table 3). For W118F, the∆GUI

H2O andmUI values
are similar to those obtained for wt GLA, and thus, the kinetic
intermediate is hardly affected by the mutation of Trp118
to Phe. TheφI value for this mutant is near zero, indicating
that the mutation affects the unfolded and intermediate state
in the same way.

Mutating Trp to Phe at position 104 or 60 conserves the
burst phase amplitude but results in a destabilization of the
kinetic intermediate (∆∆GUI

wt-mut) of 5.91 or 6.75 kJ/mol,
respectively. These destabilizations of the intermediate state
are on the same order of magnitude as those of the native
state: indeed,∆∆GUN

wt-mut equals 6.22 and 7.52 kJ/mol,
respectively (Table 3). TheφI value equals 0.95 for the
kinetic intermediate of W104F and 0.90 for W60F.

The W26F mutant folds through a highly destabilized
kinetic intermediate. Both the burst phase signal and the
rollover of the chevron plot are hardly detectable at low
denaturant concentrations (Figure 7G,H). For this mutant,
the stability of the kinetic intermediate (∆GUI ) 2.70 kJ/
mol) is substantially lower than that for wt (∆GUI ) 12.20
kJ/mol). Them value of the kinetic intermediate (mUI) in
W26F is less than that for the wt (Table 3), and the burst
phase signal is around 6% of the total signal change. The
effect of this mutation on the kinetic intermediate (∆∆GUI

) 9.50 kJ/mol) is similar to the effect on the native state
(∆∆GUN ) 10.12 kJ/mol). The latter values result in aφ

value for the intermediate equal to 0.94. From these
observations, important conclusions about the structure of
the kinetic intermediate can be drawn. A plot of∆∆GUN

versus∆∆GUI for the different proteins (not shown) shows
a linear relationship with a slope of 0.49 and a correlation
coefficientR of 0.98. This means that each mutation affects
the energy levels of the kinetic intermediate state and that
of the native state by the same amount, and therefore, the
stabilities of the intermediate and of the native state change
in the same way. Different∆GUI values for the different
samples reflect different stabilities of the kinetic intermediate
referring to specific side chain interactions. In their analysis
of the free energy state of a series of point mutants of GLA,
Saeki et al. (26) found no significant correlation between
∆∆GUN and∆∆GUI where the∆∆GUI values were distributed
in a narrow range around zero. These results, however, are
obtained by equilibrium measurements, whereas our conclu-
sions are based on kinetic experiments. It therefore must be
considered that the equilibrium and kinetic intermediates
must be distinguished from each other. The fact that the
kinetic and equilibrium intermediates are not identical,
although they have some common characteristics, was
previously reported for LYLA1, a chimeric protein resulting
from the transplantation of a part of bovineR-lactalbumin
into the homologous position in human lysozyme (46).
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Also, the effect of Trp substitution on the transition state
can be derived from possible changes in the folding kinetics
of the protein. The GdnHCl dependence of the rate constants
for W118F, W104F, W60F, and W26F is depicted in Figure
7, together with the theoretical fit by the on-pathway three-
state model. For W118F, W104F, and W26F, the microscopic
rate constant extrapolated to zero denaturant concentration,
kIN

H2O, is essentially the same as that for wild-type GLA
(Table 3), implying that the transition state free energy barrier
of the I to N transition in these mutants also remains the
same. For the W60F mutant, thekIN

H2O value differs some-
what from that of the wild type, but even in this case, no
significant effect on the transition state free energy barrier
is found.

Effect of Hydrophobicity and Steric Packing on the Kinetic
Intermediate and on the Transition State.The φ value
analysis for W104F, W60F, and W26F reveals that bothφI

and φq are close to 1, indicating that these residues are
making nativelike interactions in the kinetic intermediate as
well as in the transition state. This confirms our conclusion
that for each of these mutants, the kinetic intermediate, the
transition state, and the native state are destabilized in the
same way.

In contrast to our findings, Saeki et al. (26) have
demonstrated that in a mutant where Trp60 is substituted
with alanine the nativelike interactions around the mutation
site are not yet formed in the transition state. The latter
mutation does preserve the hydrophobic nature of the site
but is more drastic with regard to the shape and size of the
mutated residue. The lack of native character in the inter-
mediate state which was observed for W60A suggests that
hydrophobicity is not the only driving force for folding and
that other effects, such as steric packing, can play a major
role. Although the hydrophobic character of the mutation
site in W60A is conserved, the alanine residue is not able to
achieve the nativelike interactions effectuated by the Trp
residue in that position.

An analogous reasoning can be carried out with regard to
W26F. The substitution of Trp with Phe at position 26
preserves the hydrophobic nature and introduces only a small
steric change at the mutation site. Nevertheless, from all our
samples, this mutation is the most destabilizing one. The
intermediate was destabilized by 9.50 kJ/mol, and the total
change in stability is 10.12 kJ/mol. Subtle changes in packing
and even small steric effects thus can have a considerable
influence on local helix propensity, on the stability of the
various states, and on the folding pathway. Recently, a similar
but even more pronounced mutagenic effect has been seen
for the Y120W mutant of Bet v 1 (47). These authors suggest
that this single-point mutation, which compared to Tyr
introduces an extra imidazole ring, has caused such a severe
steric clash that presumably the intermediate is sufficiently
destabilized to eliminate its accumulation.

The φ value analysis for the W118F mutant reveals that
φI and φq have values close to 0, which means that the
structure around this mutation site is organized neither in
the kinetic intermediate nor in the transition state. The region
around residue 118 at the C-terminus, therefore, is not
involved in the initial phase of the folding process. This is
in complete agreement with previous studies where it has
been shown that the structure around the 6-120 disulfide

bond is not yet organized in the transition state during
refolding (48). Another rigorous study of the stability and
folding of recombinant GLA has shown that the folding
initiation site is not located in the N-terminal region (20).
The latter considerations together with our conclusions
regarding the various Trp mutants give support to the
observation that the structure around the Ca2+-binding site
is already organized in the transition state and thus is part
of the folding initiation site (8, 26).
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