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Summary

The folding of CheY mutant F14N/V83T was studied
at 75 residues by NMR. Fluorescence, NMR, and sedi-
mentation equilibrium studies at different urea and
protein concentrations reveal that the urea-induced
unfolding of this CheY mutant includes an on-pathway
molten globule-like intermediate that can associate
off-pathway. The populations of native and denatured
forms have been quantified from a series of *N-'H
HSQC spectra recorded under increasing concentra-
tions of urea. A thermodynamic analysis of these data
provides a detailed picture of the mutant’s unfolding
at the residue level: (1) the transition from the native
state to the molten globule-like intermediate is highly
cooperative, and (2) the unfolding of this state is se-
quential and yields another intermediate showing a
collapsed N-terminal domain and an unfolded C-ter-
minal tail. This state presents a striking similarity to the
kinetic transition state of the CheY folding pathway.

Introduction

Describing the various conformations adopted by a
polypeptide chain between the unfolded and native
states is a key issue in the understanding of the protein
folding process. Several models have been proposed
to illustrate how proteins fold [1-6]. These models are
mainly based on the limited milestones existing in the
folding pathway, such as the denatured, transition, inter-
mediate, or native state.

An important insight into the first steps of this process
has recently been obtained through the structural char-
acterization of the denatured state of several proteins
[7-11]. It has been shown that the denatured state does
not necessarily correspond to a highly disordered ran-
dom coil [12] but can contain transient structured ele-
ments that favor the setting up of longer-range interac-
tions, funneling the reaction toward the transition state,
as proposed by the nucleation-condensation mecha-
nism [6]. Because of their extremely transient nature,
transition states of the folding reaction cannot be char-
acterized by NMR. However, the protein engineering
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method appeared fruitful for determining the specific
residues having native-like structures in the transition
state of several proteins [13]. Folding intermediates are
the nonnative states whose conformations have been
most extensively studied. Recent developments in NMR
spectroscopy largely contributed to that. Thus, detailed
structure information on kinetic intermediates has been
obtained from H/D exchange pulse-labeling experi-
ments [14, 15], as well as from NMR studies of their
equilibrium counterparts [16]. The use of new NMR
methods has also permitted the detection of long-range
NOEs and the structural determination of partially un-
folded states [17-20]. Finally, the structure of the native
state, located at the opposite end of the folding reaction,
can be determined for larger and larger proteins [21].

Monitoring changes in the environment of every single
residue accompanying the folding process has been
achieved by introducing different site-specific probes
into a protein [22, 23]. However, this approach is highly
time consuming, and, at the same time, the introduced
probes can cause substantial distortion and/or destabi-
lization of the structure. Real-time 1D and 2D NMR [24,
25] have been used to characterize folding reactions at
a high structural resolution. A very detailed picture of a
ribonuclease T1 folding intermediate has been obtained
in this way, showing a high content of secondary and
tertiary interactions [26, 27]. Two-dimensional NMR real-
time studies of the folding of barstar [28] also showed
the structural changes occurring during proline 48 cis/
trans isomerization at the residue level. However, these
kinetic studies only apply to relatively slow folding pro-
cesses and are limited by the poor dispersion of NMR
signals of unfolded species, only allowing for the moni-
toring of some “targeted” residues.

An alternative approach to studying protein folding at
the residue level is to record a series of *N-'H HSQCs at
increasing denaturant concentrations under equilibrium
conditions. The application of this approach to the dena-
turation of a human «-lactalbumin folding intermediate
showed that the transition between the molten globule
and the unfolded states is not cooperative [29]. A similar
study of the unfolding of apoflavodoxin allowed for the
determination of the stability of every native secondary
structure element [30]. The contribution of 21 residues
to the global stability of the native protein (compared
to an intermediate state) could be quantified. Besides,
the (un)folding transition between the intermediate and
the unfolded state was shown to be noncooperative,
but the lack of signal assignment of the unfolded state
hindered a meaningful description of this transition at
a residue level. Folding studies of intestinal fatty acid
binding protein (IFABP) for which this approach was
used showed that IFABP folding is initiated by residual
structures present in the denatured state [31]. On a theo-
retical basis, there is no guarantee that these folding
species are similar to the ones observed along the fold-
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ing reaction; nevertheless, a similarity between them
has been found in some cases [32].

In this paper, we present a comprehensive study, at
a residue level, of the species found in the folding pro-
cess of CheY under equilibrium conditions. CheY is an
o/B parallel protein containing 129 residues and a cis-
prolyl bond between residues 109 and 110. There is
evidence for a kinetic intermediate. Analysis of the fold-
ing reaction by the protein engineering method [33]
shows that formation of the folding nucleus requires the
packing of the first « helix onto the first two 8 strands.
This study also showed that the transition state can be
divided into two “folding subunits”: a partially structured
first half and a denatured second half, which later con-
denses to form the native structure. Even though these
two subunits can be detected in the folding pathway of
CheY, they are not found in the folded protein, which is
made out of a single domain [34]. The folding intermedi-
ate appears to have a nonnative character, as shown
by experiments in which each of the five helices of CheY
were independently stabilized [35]. Essentially, while «
helices 1-3 participate, to a certain extent, in the transi-
tion state, o helices 2-5 are partly folded in the intermedi-
ate state, but not in the transition state. Thus, going from
the transition state to the intermediate state requires a
partial folding of the protein.

Folding studies, at equilibrium, of wild-type (WT) CheY
and some mutants have also been performed, showing
a completely reversible process. Two subdomains were
identified by hydrogen-exchange analysis of WT CheY
and the double mutant F14N/P110G. The first subdo-
main extends from  strand 1 to 3, and the second
subdomain extends from helix 3 to the C terminus [34].
Studies of the thermal unfolding transition of CheY have
shown the existence of a folding intermediate having
the properties of a molten globule [36]. Some aspects
of this study were called into question in a subsequent
study of the closely related protein CheY from Salmo-
nella typhimurium [37]. However, the slight discrepancy
between the results obtained with these proteins from
different bacteria can be explained by the tendency to-
ward self-association of the intermediate observed dur-
ing the temperature-induced unfolding transition of the
E. coli protein. On the other hand, the urea-induced
unfolding process could be described by a simpler, two-
state mechanism, although ANS (8-anilino-1-naphta-
lenesulfonic acid) binding experiments indicate the exis-
tence of a very unsteady intermediate [36]. Regarding
the denatured state of CheY, protein engineering studies
showed that one mutant (F14N/V83T) was likely to pres-
ent a more compact unfolded form [33]. NMR character-
ization of this mutant in 5 M urea showed that it presents
a less dynamic first half of the sequence and a transient
collapse of the sequence region corresponding to the
first « helix [38]. These dynamic properties would facili-
tate the setting up of longer-range interactions and fun-
nel the reaction toward the transition state.

Important NMR data collected during the character-
ization of the denatured state have permitted a step
forward in the description of this mutant (un)folding pro-
cess. In the present work, we have used the previous
NMR assignment of CheY mutant F14N/V83T in 0 and
5 M urea [38] to identify the residues and their corre-

sponding resonances throughout the equilibrium transi-
tion. The extent to which individual residues participate
in the structure of the native, intermediate, and dena-
tured states can then be determined, and a subsequent
thermodynamic analysis of these data provides infor-
mation on the stability of the region surrounding each
residue. Seventy-five single residues, well distributed
throughout the protein sequence, have then been used
as a probe. Two intermediates existing in the equilibrium
folding reaction have been observed and characterized.
By using all kinetic and equilibrium data, we then de-
scribe the entire folding process of CheY, from the fold-
ing nucleus to the native state, through the transition
state and a molten globule-like intermediate.

Results

NMR Analysis of the Urea-Induced
Denaturation Process
To follow the denaturation of the CheY mutant F14N/
V83T, we recorded a series of 20 *N-'H HSQC spectra
at increasing urea concentrations under equilibrium
conditions. Using the previous assignments for the na-
tive and denatured states [38], we could measure the
intensity of all nonoverlapping peaks. This was possible
because the exchange between these two forms is slow
in the NMR timescale, and, thus, the spectra consist of
a superposition of the native and denatured HSQCs,
with the peaks of the native state progressively fading
out and those from the denatured state gradually emerg-
ing. A sample of this feature is shown in Figure 1. An
unambiguous and accurate analysis of peak intensities
was possible for 75 out of the 125 peaks expected in
the HSQC spectra for native or denatured CheY (after
discounting the N terminus and the three prolines). This
represents 60% of the residues in the protein sequence.
Potential crosspeak broadening was checked through-
out the denaturation experiment, and no significant in-
crease in peak line width was detected. The absence
of changes in chemical shift and line width indicates
that the different species in the sample are in slow ex-
change in the NMR timescale. Interestingly, this fact is
consistent with the folding and unfolding rates deter-
mined for WT CheY and various mutants in a previous
study [33, 39]. Changes in peak heights were compared
to changes in peak volumes for a few isolated peaks,
and no significant differences were found. However, es-
timating the population of native or denatured form from
peak volumes is not easy, as many peaks in the HSQC
spectra corresponding to the denatured protein are
overlapped, and, also, in a few cases, appearing and
disappearing peaks overlap. A normalized population of
native protein (decreasing peaks) or denatured protein
(increasing peaks) was then estimated from peak
heights. Based on the intensities of these peaks in the
native and denatured states, we could estimate how the
folded and denatured populations changed with urea
concentration in a residue-specific manner.

Evidence for an Intermediate State
A plot of the variation of the native and denatured popu-
lations, with increasing urea concentration for the differ-
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Figure 1. Evolution of Various Peaks Corresponding to Amide ®N-'H Nuclei of CheY Mutant F14N/V83T in a Series of Gradient-Enhanced

®N-'"H HSQC Spectra as a Function of Urea Concentration

Peaks corresponding to methionine 129 in a native environment (129N) and in a denatured environment (129D) are labeled. For the sake of
clarity, other native and denatured peaks are also shown, but not assigned, in this figure. Urea concentrations are shown, underlined, in the

lower left corner of every cartoon. Axis units are in parts per million.

ent residues, shows the existence of an important lag
between the disappearance of native peaks and the
appearance of denatured peaks. This phenomenon is
best illustrated for the NH proton of the tryptophan 58
indole ring (Figure 2A). This lag suggests that there is
an intermediate state in the folding transition. At a urea
concentration of around 2.8 M, the populations of both
native and denatured forms represent about 20% of the
total amount of protein in the sample.

The first transition would then correspond to a confor-
mational change in which the native protein evolves to
the intermediate state, and the second transition would
correspond to a further denaturation of the intermediate
state into the unfolded form. The simplest scheme ac-
counting for these data would be as follows:

NelsD

As discussed in similar cases [29-31], the missing
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Figure 2. Normalized Urea-Induced Denatur-
ation Curves of CheY Mutant F14N/V83T at
Various Protein Concentrations, as Assessed
by Various Techniques

(A) Urea-induced denaturation curves of

CheY mutant F14N/V83T at various protein
concentrations. Transitions monitored by flu-
orescence intensity changes and normalized
from 100% to 0% native forms are shown as
stars. Transitions followed by NMR are illus-
trated by plotting the variation of intensity
of the peak corresponding to tryptophan 58
indole NH. Transition curves obtained by fol-
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lowing the disappearance of NMR peaks cor-
I responding to the native form are shown as
squares, and those obtained by following the

appearance of NMR peaks corresponding to
the denatured forms are shown as circles.
Open and filled symbols represent different
protein concentrations (see inset).
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(B) Superposition of the urea-induced dena-
turation curves of CheY mutant F14N/V83T
as assessed by fluorescence (stars) and NMR
(circles) when normalized from 0 to 100% in
the population of the denatured form. Both
denaturation experiments were carried out at
0.1 mM protein concentration.
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Table 1. Cm as a Function of Protein Concentration

[Protein] (.M) Technique Ne | <D

3 Fluorescence - 3.14 = 0.07
100 Fluorescence - 3.32 = 0.08
125 NMR 242 + 017 3.38 = 0.13
2000 NMR 1.78 = 0.12 3.73 = 0.08

Cm is given in molar concentration of urea.

crosspeaks of the intermediate can be explained by
assuming that their amide resonances are broadened
by conformational fluctuation on a millisecond time
scale, as is characteristic of compact regions in nonna-
tive states [40]. A further characterization of this interme-
diate state is presented below.

Fluorescence Analysis

It can be seen in Figure 2A that neither of the two transi-
tions followed by NMR (2 mM protein) coincides with
the denaturation transition followed by fluorescence in
a previously published experiment [33]. However, as the
experimental conditions vary from one experiment to
the other (notably, there is a significant difference in
protein concentration), it appears imperative to compare
the two denaturation curves at a common protein con-
centration, around 0.1 mM.

Fluorescence can be easily measured at 0.1 mM pro-
tein; nevertheless, we could not run NMR HSQC spectra
in areasonable time at such a low protein concentration.
However, this problem could be overcome by measuring
the area of tryptophan indole HN peaks on a series
of monodimensional NMR spectra. Indeed, the isolated
position of this peak and the fact that the native peak
(10.2 ppm) and the denatured peak (9.8 ppm) are not
overlapped make it possible to measure the population
of native and denatured protein at every urea concentra-
tion. The denaturation curves and the corresponding
midtransition points and AG values are presented in
Figure 2A and Tables 1 and 2, respectively, for various
protein concentrations. The transition curves, as fol-
lowed by fluorescence, superimpose (within experimen-
tal error) over the NMR curve corresponding to the ap-
pearance of denatured peaks for a protein concentration
around 0.1 mM (Figure 2B; Tables 1 and 2).

These observations suggest that the transition, as
followed by fluorescence, corresponds to the second
equilibrium (I & D) only and that tryptophan fluores-
cence properties are not modified by a slight conforma-
tional change accompanying the native to intermediate
transition. The fluorescence technique is well known for
being extremely sensitive; however, it is also true that
NMR spectroscopy can detect variations that cannot

Table 2. AG as a Function of Protein Concentration

[Protein] (..M) Technique NI |<D
3 Fluorescence - 4.84 = 0.10
100 Fluorescence - 4.98 = 0.19
125 NMR 275 +0.15 5.29 = 0.21
2000 NMR 2.25 = 0.15 5.66 = 0.13

AG is given in kilocalories per mole.

be observed by optical techniques. Indeed, the probe
studied by the two techniques is the same (the indole
ring), but the observed phenomenon is different. The
decrease of fluorescence intensity observed during the
unfolding transition can reasonably be attributed to a
quenching caused by the collision of water molecules
onto the indole ring [41], which becomes more accessi-
ble to solvent with denaturation. However, the increase
in the indole ring’s accessibility between the native and
intermediate states may not be sufficient to cause a
more efficient fluorescence quenching. Indeed, trypto-
phan 58 is already partially accessible to water mole-
cules in the native state (accessibility estimated at 15%),
and it seems likely that conformational changes accom-
panying this transition may not be large enough to signif-
icantly modify this accessibility. On the other hand, vari-
ations in the area of NMR peaks reflect changes in the
molecular population having the indole HN nuclei in a
certain magnetic environment. Changes in this environ-
ment along the folding process can be caused by a
large variety of phenomena other than those related to
conformational changes, such as changes in electro-
static or dynamic properties.

Variation of the Intermediate Population

with Protein Concentration: Evidence

for an Association Process

As stated above, the population of both native and dena-
tured states can be estimated at 20% of the total amount
of protein (at 2 mM and 2.8 M protein and urea concen-
trations, respectively). However, experiments at 0.1 mM
protein concentration show that the total population of
both native and denatured forms is around 40% at 2.8 M
urea. The two transitions observed with NMR spectros-
copy move obviously closer when lowering the protein
concentration. From these observations, one can rea-
sonably conclude that these transitions would coincide
with each other at a very low protein concentration, thus
reducing the population of intermediate species in the
denaturation process to a negligible amount. This would
explain why the formation of a very transient intermediate
was merely detected in the urea-induced denaturation of
WT CheY, as assessed by fluorescence or CD [36].

The fact that the population of the intermediate is
increased when raising the protein concentration sug-
gests that a self-association process might take place
in the folding reaction. The data presented above are
compatible with an off-pathway equilibrium between
monomeric and associated states. Indeed, for a dena-
turant concentration favoring the intermediate for-
mation, such as 2.8 M urea, increasing the protein con-
centration would shift an equilibrium between the
monomeric and associated states toward the associ-
ated state. This would explain the loss of stability of
either the native or the denatured forms relative to the
intermediate state when increasing the protein concen-
tration (Tables 1 and 2). This process can be accounted
for by a simple scheme, such as

N2 | 2D A
i A
I
in which the intermediate would be in exchange between
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Figure 3. Molecular Weights of CheY Mutant F14N/V83T as a Func-
tion of Urea Concentration

Molecular weights were determined by analytical ultracentrifugation
measurements. Black squares and open circles correspond to a
protein concentration of 50 uM and 100 wM, respectively.

the monomeric and multimeric forms. As the NMR condi-
tions and experiments used here only permit the detec-
tion of the native and denatured states, the denaturation
curves observed in the present work will only give infor-
mation on the N < | or the | & D equilibria. The study
of the I & D equilibrium at various protein concentrations
also supports the hypothesis that the conformational
changes accompanying the N < [ transition do not alter
the fluorescence intensity of tryptophan 58. Indeed, the
transition midpoints and free energies determined from
denaturation curves, as assessed by fluorescence, also
change with protein concentration and are equivalent to
the thermodynamical parameters of the | < D transition,
derived from NMR, for an identical protein concentration
(Tables 1 and 2).

To validate the intermediate oligomerization indicated
by NMR and fluorescence, we performed small angle
X-ray scattering and analytical ultracentrifugation analy-
sis. Previous small angle X-ray scattering experiments
showed that the protein is clearly monomeric in the
presence of 0, 5, and 7 M urea [38]. Additional small
angle X-ray scattering measurements were then per-
formed in the presence of 3 M urea. In these conditions
(corresponding to the maximum in intermediate popula-
tion), an anomalous increase of the scattered signal at
small scattering angles was observed (data not shown),
indicating an association process. It may be noted that
small angle X-ray scattering experiments were per-
formed at the high protein concentration required by
the 2D NMR experiments (~2 mM). The fact that these
two techniques provide evidence for an associated form
at high protein concentration strengthens the hypothe-
sis that an equilibrium exists between monomeric and
multimeric intermediate forms.

Figure 3 shows the changes in molecular weight of
CheY mutant F14N/V83T corresponding to the native,
intermediate, and denatured states at two different pro-
tein concentrations, as deduced from analytical ultra-
centrifugation measurements. The molecular weights at
0 and 6 M urea correspond to the value expected for
the monomeric form, i.e., 14,000 kDa, independently of

the protein concentration used. On the other hand, un-
der the urea concentration where the intermediate state
is highly populated, the molecular weight is clearly
higher and increases with an increase in protein concen-
tration. Interestingly, this value tends to approximate
the molecular weight expected for dimer formation
(28 kDa). At 0.1 mM protein concentration, the popula-
tion of protein in both the native and unfolded states is
around 40%. The intermediate population being 60%,
we can estimate that, if the oligomerized intermediate
is a dimer, the expected observed molecular weight
would be ~22 kDa. This value is remarkably close to
the value observed experimentally. In conclusion, all
data supports the existence of an equilibrium between
two forms of the intermediate, monomeric and dimeric,
which can be shifted toward one species or the other
by changing the protein concentration.

The determination of an appropriate scheme describ-
ing the unfolding transition of CheY is essential for a
correct thermodynamic analysis of the extent to which
an individual residue participates in each species con-
formation throughout this process. Once a correct
scheme corresponding to this protein concentration de-
pendency study is drawn, a further characterization of
the intermediate state is necessary. The native environ-
ment of tryptophan 58 is modified during the N < |/
transition, as deduced from NMR; nevertheless, it seems
likely that the overall protein conformation is not greatly
altered, as fluorescence intensity and far-UV CD signals
are not modified. However, it has been shown previously
that ANS can bind to WT CheY at urea concentrations
much lower than the transition midpoint when denatur-
ation is followed by fluorescence [36]. More precisely,
a first transition in the ANS binding process is observed
for urea concentrations between 1.5 M and 3 M, whereas
tryptophan 58 fluorescence intensity is not modified un-
til the urea concentration is around 3 M. It is worth noting
that a maximum in ANS fluorescence had been observed
at a concentration around 3 M urea, indicating that the
intermediate state preferentially binds ANS. The inter-
mediate then presents all properties of a molten globule
state [42]. Indeed, the native secondary structure is con-
served, tryptophan 58 is as accessible to water as it is
in the native state, and some hydrophobic regions of the
protein are exposed to the solvent, as the intermediate
binds ANS more efficiently than either the native or the
denatured forms.

In conclusion, the urea-induced unfolding of CheY
can be described as a two-step process: (1) a first transi-
tion that leads to an on-pathway intermediate, likely to
be a molten globule, which is in equilibrium with an
off-pathway dimeric form and (2) a second transition
between the monomeric intermediate form and the un-
folded state.

Study of the Unfolding Process

at the Residue Level

The aim of this study is to employ each residue as an
individual probe to get information on the stability of very
limited regions surrounding these residues in different
conformations throughout the equilibrium denaturation
of CheY. By doing so, we would be able to evaluate, in
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a later stage, the sequence of the process and compare
it with the conclusions derived from kinetic data.

The scheme (A) presented above will serve as a basis
for the thermodynamic analysis. Data provided by NMR
experiments represent the populations of native and
denatured protein. If we consider the total molar fraction
of protein (native, denatured, monomeric, and associ-
ated intermediates) to equal 1, the total population of
intermediate, | + /,, can be deduced readily. For each
urea concentration this population can therefore be ap-
proximated to a unique population of intermediate, X,
in equilibrium with the native and denatured forms. Thus,
the scheme presented above can be approximated to
the following mechanism:

K, K
N2 X2°%D (B)

where X represents the total population of intermediate,
I + I,, and K; and K, are the equilibrium constants for
the N & X and X < D equilibria, respectively. It is note-
worthy that the population of intermediate X represents
an ensemble of forms in association equilibrium and is
not considered here as a monomer. In Experimental
Procedures, we present a formal description of the
equations used to obtain Equations 11 and 18, including
the meaning of the various parameters involved (see
Experimental Procedures). The fitting of Equation 11
to the experimental data (the sum of the normalized
populations of native and denatured forms, N + D) pro-
vides the values of the transition midpoints for each
equilibrium, C,,; and C,,,, respectively.

Chy - Cig + x" - x™
Cnm11 . C;’nzz + x" . (C",,?z + an)

N+D=

(1)

Similarly, a fitting of the same experimental data to
Equation 18 will provide the values of AG corresponding
to the two equilibria for different denaturant concentra-
tions, thus providing information on the stability of the
region surrounding each residue in each form during
the folding process.

—AG? + myx —AGS —m2-(x — 6)
1+e AT -e RT
N+D= 7AGL17+m1-x 7AGgfm2<(x—6) (1 8)
1+e A7 -1 +e RT

Figure 4 shows four examples of the fitting of experimen-
tal data to Equations 11 and 18. The transition midpoint
provides information on the environment of a particular
residue at a given denaturant concentration, helping us,
in that way, to determine the sequence of events in the
folding process. The AG of each equilibrium A < B for
a given residue represents the stability of the region
surrounding this residue in state B as compared to
state A.

Study of the Transition Midpoints: The Sequence

of Events in the Unfolding Transition

In Figure 5A, we show the midpoint values for the differ-
ent residues corresponding to the transition between
the native and intermediate forms. The conformational
change between these two states affects the environ-
ment of all residues concomitantly. Within experimental
error, all residues (apart from a single residue located

at the N-terminal extremity of the protein) present N <
X transition midpoints that are equivalent to the average
midpoint value (<C,,;> = 1.80 M urea; standard devia-
tion, SD, is 0.20 M urea). This indicates that the native
conformation evolves into the intermediate state in a
highly cooperative way.

On the other hand, the transition midpoints corre-
sponding to the denaturation of the intermediate state
show two sets of values (Figure 5B). Approximately the
first half (from residues 1 to 71) of the protein presents
an average C,; value of 4.13 M urea (SD = 0.33), whereas
the second half presents an average C,,; value of 3.36 M
urea (SD = 0.37). In the C-terminal half of the sequence,
a few residues deviate significantly from the average
values (105, 124, and 129, with C,,, values of 4.14, 4.33,
and 4.39, respectively), but they appear to be isolated
and, therefore, are not likely to correspond to a folded
conformation.

These two clusters of transition midpoints define un-
ambiguously two folding subunits in the sequence. At
3.75 M urea, almost all residues located after lysine 70
correspond to an unfolded chain, whereas almost all
residues from the first half are still in the intermediate,
collapsed conformation. This can be visualized as a
collapsed, globular chain with a 59-residue unfolded tail
(Figure 6).

Study of the Stability of Regions Surrounding
Each Residue in the Native, Intermediate,
and Denatured States
The AG values obtained for each residue provide the
stability of the region surrounding this amino acid in the
various conformations existing in the equilibrium folding
process. The analysis of the thermodynamic parameters
of the N < X transition will then give us information
on the stability of the native protein compared to the
intermediate state. The stability of limited regions sur-
rounding given residues in the native state is provided
by determining the free energy of the first equilibrium
(N & X) in absence of denaturant, thereafter called
AGY. Variations of AGY along the protein sequence are
shown in Figure 7A. The distribution of AGY values shows
a region comprising residues 90-100 (inclusive) plus
some residues at the N and C termini with lower AGY
values. This may indicate that these regions are less
stable in the native protein. Indeed, H/D exchange and
structural studies on native WT CheY [34, 43] have
shown that the less stable part of the native protein is
« helix 4, which corresponds to residues 90-100.
Nevertheless, the AGY values and the stability of the
native protein are found to be distributed rather uni-
formly throughout the structure. An additional analysis
of the AGY values was then performed by fitting Equation
18 to all residues from each folding subdomain simulta-
neously. The AGY corresponding to residues 1-71 is
2.5 + 0.1 kcal/mol, whereas the AGY corresponding to
residues 72-129 is 2.6 * 0.2 kcal/mol. The fact that
these two values are identical (within experimental error)
supports the idea that the disruption of the native mole-
cule into a molten globule state is a cooperative process.
This fact, together with the detection of the least stable
element of the structure, in agreement with previous
studies on CheY stability, validates the kind of analysis
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Figure 4. Examples of Fitting of 2D NMR
Data to Equations 11 (A) and 18 (B)

NMR data correspond to the sum of normal-
ized populations of native and denatured
states, as determined by the evolution of
peak intensities on HSQC spectra. Open and
filled symbols correspond to residues located
in the first or second half of the sequence,
respectively.

(A) The fitting of Equation 11 to the data,
which provides transition midpoints.

(B) The fitting of Equation 18 to the data,

2ot O e29 which provides AG values for each equi-
0.20 H Y106 librium.
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performed here for the evaluation of a protein’s stability
at a residue level.

Determination of the stability of the denatured state
(with respect to the intermediate) under fully denaturing
conditions is preferable to the determination of the inter-
mediate stability in the absence of denaturant. Indeed,
at 0 M urea the stability of the intermediate relative to
the denatured state cannot be estimated, as the interme-
diate itself is fully destabilized toward the native confor-
mation. The stability of the regions surrounding every
residue in the intermediate referred to the unfolded state
can easily be deduced by assuming that the more stable
the unfolded form, the less stable the intermediate and
vice versa. In parallel to what is accepted for native
proteins, stability can then be estimated by determining
the AG value of the second equilibrium at 6 M urea,
thereafter called AGS. High AGS values will then refer to
residues located in more stable regions in the denatured
state (Figure 7B) and, consequently, located in regions
that present a lower stability in the intermediate state.
Figure 7B shows a relatively uniform dispersion of
AG$ values. However, residues in the first subdomain
tend to show lower values. A group of residues distrib-
uted between amino acids 70 and 105 also deviate sig-
nificantly and show higher values. The thermodynamic
properties of this second equilibrium have then been
analyzed in the same way as those for the first equilib-
rium, i.e., by fitting Equation 18 to residues 1-71 or
72-129 simultaneously. The AG§ values corresponding

to the first half and the second half are 2.4 + 0.1 kcal/mol
and 3.3 = 0.2 kcal/mol, respectively. This distribution of
AG$ values indicates clearly that the first half of the
polypeptide chain contributes more to the intermediate
stability.

Discussion

The entire folding process of a CheY mutant has been
analyzed under equilibrium conditions using NMR spec-
troscopy. We have shown the existence of an equilib-
rium intermediate and managed to determine thermody-
namically the stabilities of limited regions surrounding
75 residues in all the species found in equilibrium in the
urea unfolding of a protein.

Nature of the CheY Oligomeric Equilibrium
Intermediate

The lag between the disappearance and appearance of
peaks corresponding to the native and denatured forms,
respectively, indicates the existence of an equilibrium
intermediate in the folding of this CheY mutant. This is
confirmed by comparing the fluorescence and NMR
data, which shows that the loss of fluorescence of a
tryptophan residue is not in keeping with the loss of
the native signals as observed by NMR. Concentration
dependence experiments and analytical ultracentrifuga-
tion suggest that the intermediate is oligomeric and,
most likely, a dimer. NMR analysis at an individual level
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Figure 5. Variation of Transition Midpoints

24
22

NeX
transition
mid-point
(M Urea)

20 |

og b—+L 1 1 1)

|

Corresponding to Equilibria N < X (A) and
X < D (B) as a Function of the Sequence

In (B) the mean transition midpoints corre-
sponding to the first half of the sequence
(continuous line) and the second half of the
sequence (dotted line) are also shown, to-
gether with their values.

|

0 10 20 30 40 50 60 70 80 90
Residue Number

100 110 120 130

EE

4.5

XD
transition
mid-point
(M urea)

4.0

<Cm>=4.13+0.33 M

ﬂf& (e

1

30

<Cm>=3.36+0.37 M

| -

EI iﬁl Ii

| ——

25 PR S [ SR IS T ST ST S S T—

0 10 20 30 40 50 60 70 80 90
Residue Number

shows a cooperative transition between the native and
intermediate states.

The postulated dimeric intermediate shows all proper-
ties described for the molten globule-like form. Indeed,
the native environment of each residue is altered in this
state (signals with native chemical shifts are missing),
and the hydrophobic surfaces are exposed (increased
ANS binding [36]), but secondary structure is main-
tained, as no change in ellipticity is observed [36]. The
absence of variation in the signal of fluorescence signal
may be due to the very small change in tryptophan
exposure accompanying the first transition, as dis-
cussed above. Interestingly, the possibility of a three-
state mechanism had been envisaged previously, in-
cluding the existence of a very unstable intermediate,
only detectable by ANS binding experiments [36].

Existence of a Second Intermediate

Unfolding of the native form to the molten globule like
intermediate is highly cooperative. On the other hand,
the conversion of this intermediate into the unfolded
state shows a sequential process. Indeed, a neat picture

100 110 120 130

of CheY structure at a urea concentration of 3.75 M
would show a nonnative, but collapsed, first half of the
chain, together with a fully unfolded second half. This
clearly defines two folding subunits that could fold inde-
pendently. However, it has to be emphasized that the
native structure of CheY corresponds to a single globu-
lar domain, and it is by no means constituted by two
domains or subdomains. According to this ensemble
of results, a new mechanism can be proposed for the
unfolding of CheY at equilibrium. In the first step, CheY
would unfold into a molten globule-like intermediate,
called Iy, which can associate off-pathway. In the second
step, Iy would unfold into another intermediate form,
called I, in which the first half of the polypeptide chain
remains collapsed, and the second half is already un-
folded. In the last step, I, would unfold entirely, to give
rise to the denatured state. This model can be schema-
tized as follows:

NZ= Iy 212D
1
(IN)n
It is interesting to note that the folding scheme deduced

©)
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Figure 6. A Comparison of the Conformation

Deduced Here for the Intermediate Observed
under Equilibrium Conditions at 3.75 M Urea
Characterized at Equilibrium (A) with the Con-
formation of the Transition State Characterized
Using the Protein Engineering Method (B)

Residues corresponding to a collapsed con-
formation in the intermediate at 3.75 M urea
are indicated with a space-filling representa-
tion in (A). Residues corresponding to a col-
lapsed conformation in the transition state
by ¢ value analysis [33] are indicated with a
space-filling representation in (B). The indole
ring of tryptophan 58, as well as the N and
C termini, is also shown. The diagram was
generated using the MolMol program, with
NMR solution structure coordinates of WT
CheY [56].

from this analysis is different from the scheme used for
the mathematical analysis of the data. However, this
scheme (C) represents a model of folding for the overall
protein, whereas folding scheme A, which does not in-
clude an intermediate /y, corresponds to the changes
in every single residue environment. Each residue envi-
ronment changes following two transitions, and only the

observation that the Iy < D transition is not concomitant
for all residues permits the setting up of scheme C.

Equilibrium Versus Kinetic Data

As stated recently, “the interpretation of equilibrium de-
naturation studies in defining a folding pathway is al-
ways controversial” [31]. However, the thermodynamic

Figure 7. Variation of the Stabilities of Vari-
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the intermediate form (B).
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parameters determined here can help us estimate the
energy landscape that lies between the native and dena-
tured states and compare it with the extensive kinetic
and theoretical data collected on the folding pathway
of CheY.

The transition midpoints obtained for 75 residues
could be represented on the molecule as a cartoon
showing the progressive unfolding of CheY, but we will
focus first on the most significant state revealed by
this study, the intermediate /,. Its comparison with the
transition state characterized previously [33] reveals an
outstanding similarity (Figure 6) on the basis of which
we can speculate about the significance of this confor-
mation in the folding pathway of CheY. Indeed, this strik-
ing similarity suggests that the intermediate /; might
certainly be formed in the folding pathway.

Turning to the dimeric intermediate, I, we have shown
that it retains all its secondary structure elements, al-
though its tertiary structure appears altered. Interest-
ingly, kinetic analysis of the folding intermediate of CheY
with the five a helices stabilized independently showed
that all of them were present, to a certain extent, in the
kinetic intermediate [35], with some of them unfolded
in the transition state. This also establishes some points
of similarity between the equilibrium intermediate and
the kinetic intermediate.

Mutant Versus Wild-Type Proteins

One important point that merits discussion is to what
extent the results obtained here can be extrapolated to
the wild-type protein. In this regard, the double mutant
analyzed in this work incorporates a very stabilizing mu-
tation in the first subdomain (F14N; [39]) and a very
destabilizing mutation in the second half (V83T; [33]). In
this respect itis similar to mutant F14N/P110G, analyzed
by hydrogen exchange [34], for which it was shown
that a stabilization of the first half and a simultaneous
destabilization of the second half results in a decoupling
in the stability of these two CheY regions. Moreover,
studies by NMR, calorimetry, CD, and fluorescence of
WT CheY under acidic conditions also showed the pres-
ence of a dimeric equilibrium intermediate [36]. Thus, it
appears reasonable to accept that the mutations pres-
ent in the F14N/V83T CheY mutant do not lead to the
presence of new intermediate but, rather, enhance their
likelihood.

Animportant consequence of this result on the mutant
versus wild-type comparison is the interpretation of the
m value in terms of a more compact denatured state.
Mutant F14N/V83T presents a lower m value than does
WT CheY or the F14N mutant. Hovewer, the NMR char-
acterization of this state [38] does not reveal an impor-
tant degree of compactness when compared to various
denatured states characterized previously [17]. This fact
can now be explained by a possible stabilization of the
intermediate /;;, driven by the V83T mutation. This would
have introduced a bias in the interpretation of m values.
This is a noteworthy fact that should be considered in
further studies of protein folding.

The results obtained here using this mutant also give
a new insight into the interpretation of WT and mutant
F14N folding studies. Indeed, the detection of a popu-

lated intermediate that can self-associate in the urea-
induced unfolding transition may appear to be in dis-
agreement with a previous study where the rate con-
stants of the unfolding/refolding of CheY were found to
be concentration independent [39]. However, we show
that the transition monitored by fluorescence or CD
measurements corresponds to the equilibrium between
the unfolded state and the intermediate /y, which does
not include the association equilibrium, as shown in
scheme C. This apparent discrepancy may then come
from the different technique used here (NMR instead of
fluorescence), and not from the V83T mutation.

Biological Implications

The findings described here have some implications for
the general problem of protein folding. Simulations have
suggested that populated intermediates could act as
traps that productive folding processes have to bypass
for a faster track [44]. In the case of CheY, the similarity
between the equilibrium dimeric intermediate /y and the
kinetic intermediate represents experimental evidence
of this fact. On the other hand, the resemblance between
the intermediate /I, and the transition state suggests
that this populated intermediate would rather act as
a funneling agent, as reported by different theoretical
studies [45].

This study also provides an important insight into the
energy landscape that governs the folding of CheY, such
as the stabilities of small regions surrounding individual
residues in the different conformations present in the
pathway. Indeed, we have shown that a conformation
of CheY with a collapsed first half of the sequence is
energetically favorable, as indicated by AG¢ values. If
this conformation actually resembles the transition
state, then we may conclude that the search of the
native structure has been optimized. In other words, the
transition state may be the highest energy species in
the CheY folding pathway, but not in the folding energy
landscape. This state would then correspond to the low-
est energy conformation existing for such reaction coor-
dinates. CheY may have to search its native structure
across an important energy barrier but has apparently
found a mountain pass to cross it, therefore illustrating
well what had been proposed previously [46]. Currently,
a great number of theoretical and simulation studies
tend to follow this direction. In this framework, the pres-
ent study constitutes important and encouraging experi-
mental evidence to support them.

Experimental Procedures

Protein Expression and Purification

The mutant F14N/V83T was designed, cloned, and sequenced as
described previously [33]. The plasmid containing the mutated gene
was transformed into a BL21 E. Coli strain. Cells were grown on
minimal medium with '®*NH,CI as the only nitrogen source, and
®N-labeled proteins were purified as described previously [36].

Denaturation Experiments
All experiments were performed at 25°C in a buffer containing 25 mM
sodium phosphate at pH 7.

Denaturation as followed by NMR was performed by adding small
amounts of a 10 M urea stock solution into an NMR tube containing
2 mM protein (in the case of HSQCs) or 0.1 mM protein (in the
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case of monodimensional spectra). The protein concentration was
maintained at its initial value by adding small amounts of a protein
stock solution (5 mM in the case of HSQCs or 1 mM in the case of
1D spectra) at the same time that urea was added. Samples were
allowed to equilibrate 30 min before spectra recording. At each urea
concentration the NMR probe was tuned and matched, the magnetic
field was shimmed, and the 90° pulses width were determined.

For denaturation as followed by fluorescence, a series of 1 ml
samples containing 3 pM or 100 wM protein was prepared. These
samples were prepared by final addition of a 5 mM protein stock
solution to premixed solutions of urea and buffer.

For denaturation as followed by sedimentation equilibrium, a se-
ries of 1 ml samples containing 0, 50, or 100 wM protein in various
denaturant concentrations (0, 3, or 6 M urea) was prepared.

For the denaturation series followed by fluorescence and sedi-
mentation equilibrium, the final urea concentration of each sample
was checked after acquisition by refractometry, using the relation
provided by Warren and Gordon [47]. The final urea concentration
of the sample used for NMR recording was also checked by refrac-
tometry.

Data Acquisition and Analysis: Fluorescence Spectroscopy
A tryptophan fluorescence spectrum was recorded between 300
and 400 nm after excitation at 290 nm for every sample on a Perkin-
Elmer LS50-B fluorimeter. Excitation and emission slits were set to
2 nm. After baseline suppression, the fluorescence intensity was
measured at the wavelength corresponding to the maximal change
in fluorescence between native and denatured forms (315 nm). The
transition curves were constructed by plotting this variation in fluo-
rescence emission as a function of denaturant concentration.
Thermodynamic analysis was performed by using an equation
developed previously [48], derived from the model of linear depen-
dency of AGx upon denaturant concentration, x, as described by
Tanford [49]:

[meo - mx)
RT

Vo= Yo T SX + ) [A + (s4 — saX]

1+e{ R

where y, is the experimental signal in the presence of x molar urea,
¥, is the signal of the native form, s, and s, are the solvent effects
on the native and denatured protein signals, respectively, and A is
the amplitude of the transition.

Similarly, the concentration of denaturant at the midpoint of the
transition, C,,, and the cooperativity of the transition, n, were ob-
tained by fitting the transition curves to the equation described
previously [48], based on the denaturant binding model [50]:

[A + (sq — salx]

X"
= Yo+ SX |
Y=y x [(C,,,)" + X"
where y,, X, ¥,, Sn, Sq» and A correspond to the parameters described
above. Experimental data were fitted according to these equations
by using a simplex procedure based on the Nelder and Mead algo-
rithm [51].

Data Acquisition and Analysis: Sedimentation Equilibrium
Sedimentation equilibrium experiments were carried out in a Beck-
man Optima XI-A ultracentrifuge using a Ti60 rotor and double sector
centerpieces of Epon-charcoal (12 or 4 mm optical path length,
depending on protein concentration). Samples of CheY mutant
F14N/V83T in the concentration range from 3 to 100 uM equilibrated
in buffer were centrifuged at 28,000 rpm. Radial scans at different
wavelengths (280-300 nm) were taken every 2 hr until equilibrium
was reached. The weight average molecular masses of mutant
F14N/V83T were determined using the program EQASSOC (Beck-
man) [52], with the partial specific volume calculated from its amino
acid composition [53].

Data Acquisition, Processing, and Analysis:

NMR Spectroscopy

All NMR experiments were performed using a Bruker AMX-600 spec-
trometer with a 'H operating frequency of 600.13 MHz. All spectra

were collected as described previously for the mutant characteriza-
tion in the native and unfolded forms [38].

AllNMR data were processed and analyzed using standard Bruker
software and NMRPipe/NMRDraw software [54]. Various square
sine bell functions with different shifts were applied to the data
processing to obtain a good compromise between resolution and
sensitivity.

Native and denatured state populations were obtained using the
height of disappearing or emerging peaks and normalizing it from
1 to 0 in the case of native peaks and from 0 to 1 in the case of
denatured peaks.

Data Analysis

In our case, a simple calculation of thermodynamic parameters can-
not be performed by taking each equilibrium independently.
Applying the linear dependency model to a two-state mechanism
implies a process in which only the native and denatured states are
populated. Transition midpoints of apoflavodoxin unfolding transi-
tion followed by NMR could be calculated in this way by van Mierlo
and coworkers [30] only because these authors checked that a
100% population of intermediate species was present at the end of
the transition. It is obvious that, in the case of CheY, a100% popula-
tion of intermediate species never exists. We then developed a new
model for the analysis, in which every fraction of the species present
in the sample is unknown. The sum of these fractions is 1. Since
the X value is obtained from the total molar fraction, the potential
effects of self-association in this ensemble of forms (monomer and
multimers) on equilibrium constants K; and K, (and therefore on
populations of N and D states) are taken into account.

According to this mechanism,

K;=X/Nand K, = D/Xand N + X + D = 1 1)
so that
X
S H KX+t X=1 2
PR @
which gives
X ut @®

T1HK 4K K
Substituting Equation 3 into Equation 1 gives

K
1+ K +K - K

1+ K- K,
1+K-(1+K)°

@

N+D-=1 orN+D=

According to the denaturant fixation model [50],

K; = Kj - x™ 6)
and

K, = K3 - x" (6)

where x is the denaturant concentration, n, and n, are the coopera-
tivity indices of each equilibrium, and K¢ and K3 are the equilibrium
constants for the unfolding of each equilibrium in the absence of
denaturant. Substituting K; and K; into Equation 4 gives

1+ KJ-x"-K3-x"

N+ D =
1+ Ky -x"-(1+ K3-x%)

@

and, subsequently,

A
K3

+ X" - (1/KY + X

+ X" - x"2

®

= |x31=

for a denaturant concentration x equal to C,,;. Then, K; = 1 (C,
being the transition midpoint for the first equilibrium) and

1 =KJ-Cy, or1/K} = Ciy )

and
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1=K} -Cg2. (10)
Substituting Equations 9 and 10 into Equation 8 gives

Chly - Cng + x™ - x"2

N+D= .
Chii - Cif + X - (Ci + x)

(1)

A curve corresponding to Equation 11 is then fitted to the experimen-
tal points corresponding to the normalized population of native and
denatured forms.

Similarly, the stability of the regions surrounding each residue in
each form during the folding process can be determined, with the AG
of every equilibrium for various denaturant concentrations. Indeed,
equilibrium constants are equal to

AGy
K, =e & 12)
and
AGy
K, = e &/ (13)

for N & X and X < D equilibria, respectively. The model chosen to
estimate the conformational stability of every species is the “linear
dependency model” as described by Tanford [49] and later by
Schellman [55].

This model provides the stability of a protein in absence of dena-
turant, AG’, for a two-state equilibrium. However, in the case of
the second equilibrium (X < D), determining the stability of an
intermediate state in water makes no sense, as this form folds into
the native state in such conditions. As for the AGY determined with
the “linear dependency model” for the first equilibrium, it then seems
more logical to determine the free energy of the second equilibrium
for a100% denatured population. In a parallel way to the AGY, which
gives the stability of the native form as compared to the intermediate
form, determining a value of AG, for 6 M urea (AG$) will then give
the stability of the denatured state as compared to the intermediate
form. This value does not represent the absolute stability of each
region in the intermediate state but permits the comparison of this
stability between the various regions surrounding all residues.

According to the “linear dependency model,”

AGY = AGY — m, - x (14)

where AGY is the extrapolation of the free energy of the first equilib-
rium to 0 M urea. Similarly, the free energy of the second equilibrium
can be extrapolated to 6 M urea, where a 100% denatured form is
expected, using the following equation:

AGE = AGE+m, - (x — 6). (15)

Substituting Equations 14 and 15 into Equations 12 and 13, respec-
tively, one obtains

0
—AG7 + mq - x

Ki=e 7 — (16)

and

*AG?*MZ-(X*G)

K=e—m —. a7

Substituting Equations 16 and 17 into Equation 4 gives
7A62+m1-x AGgfmz-(xfsi
1+e RT e RT
N+D-= 5 , : . (18)
—AG7 + my-x —AGp —mp - (x — 6)
1+e AT - \1+e AT

Similar to the method used to obtain the transition midpoints, the
fitting of experimental data corresponding to the sum of the normal-
ized populations of native and denatured forms, N + D, to Equation
18 provides the values of AGY and AG$ and the m values of each
equilibrium.
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