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Laboratoire d’Analyse et de modeĺisation pour la Biologie et l’Environnement, Evry 91025, France
‡Institut National de la Sante ́ et de la Recherche Med́icale (INSERM), UMR 829, Universite ́ d’Evry-Val d’Essonne,
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ABSTRACT: Being able to differentiate local fluctuations from global
folding−unfolding dynamics of a protein is of major interest for improving
our understanding of structure−function determinants. The maltose
binding protein (MBP), a protein that belongs to the maltose transport
system, has a structure composed of two globular domains separated by a
rigid-body “hinge bending”. Here we determined, by using hydrogen
exchange (HX) nuclear magnetic resonance experiments, the apparent
stabilization free energies of 101 residues of MBP bound to β-cyclodextrin
(MBP−βCD) under native conditions. We observed that the last helix of
MBP (helix α14) has a lower protection factor than the rest of the protein.
Further, HX experiments were performed using guanidine hydrochloride
under subdenaturing conditions to discriminate between local fluctuations
and global unfolding events and to determine the MBP−βCD energy
landscape. The results show that helix α4 and a part of helices α5 and α6 are clearly grouped into a subdenaturing folding unit and
represent a partially folded intermediate under native conditions. In addition, we observed that amide protons located in the hinge
between the two globular domains share similar ΔGgu

app and m values and should unfold simultaneously. These observations
provide new points of view for improving our understanding of the thermodynamic stability and the mechanisms that drive
folding−unfolding dynamics of proteins.

How proteins adopt their specific three-dimensional
structure is known as “the protein folding problem” (for

a review, see ref 1). It is well-known that proteins unfold and
fold repeatedly and that each partially unfolded state, including
the fully unfolded state, is significantly populated even under
physiological conditions. In favorable cases, the determination of
the energy landscape has shown that these partially unfolded
states correspond to the major intermediates in the unfolding
and refolding pathways, for example, in the case of cytochrome
c2 or Rnase H.3 NMR spectroscopy is particularly adapted to the
characterization of conformational ensembles of partially folded
or unfolded states,4,5 which may contribute to an improved
understanding of this question. The NMR hydrogen exchange
(HX) method has been used to study protein conformational
stability, because it is extremely powerful to identify regions of
global or subglobal stability6−9 and allows the collection of
information about the conformational stabilities of individual
amino acid residues in a protein structure,10 which is the key
information for elucidating the protein folding problem.

The maltose binding protein (MBP), composed of 370 amino
acid residues, is used as a reference protein for characterizing
the unfolding process. The structure of MBP was determined by
X-ray crystallography (at 2.3 Å11 and 1.8 Å12 resolution) and
recently by NMR (MBP bound to β cyclodextrin13−15). MBP
consists of two distinct globular domains (the N-domain: amino
acid residues 1−109 and 264−310 and the C-domain: amino
acid residues 114−258 and 316−335), connected by three
peptide segments (amino acid residues 110−113, 259−263, and
311−315). Each globular domain includes a Rossman fold motif
composed of a β-sheet core flanked on both sides by α-helices
(Figure 1). The C-terminus does not belong to the globular
domains. The binding of maltose to apo-MBP in the
interdomain groove is accompanied by a major rotation between
the two globular domains around an invariant hinge axis as

Received: March 19, 2012
Revised: October 9, 2012
Published: October 9, 2012

Article

pubs.acs.org/biochemistry

© 2012 American Chemical Society 8919 dx.doi.org/10.1021/bi3003605 | Biochemistry 2012, 51, 8919−8930

pubs.acs.org/biochemistry


characterized by various methods (X-ray crystallography,16

NMR,17 and molecular dynamics18).
Interestingly, MBP is a large protein, among the few excep-

tions, that unfolds as a single cooperative unit.19 However,
despite intense investigations, information about MBP con-
formational stability remains difficult to obtain. Thermodynamic
parameters of MBP unfolding reactions have been determined.
The denaturation of MBP by heating, using guanidine hydro-
chloride, or at low pH was studied by fluorescence or circular
dichroism19 and compared with urea denaturation.20 Further-
more, it was shown that maltose increases the cooperativity
of MBP unfolding,21 and recently, its contribution in MBP ther-
mal unfolding was quantified with extrinsic fluorescent dyes.22

Different MBP destabilized mutants were analyzed to under-
stand the thermodynamic role of particular residues, in the
presence of guanidine hydrochloride23,24 or urea25 and at
different temperatures. Several studies tried to characterize the
MBP unfolding pathways. The presence of partially unfolded
states of MBP was proposed after the study of its translocation
through a biological nanopore (α-hemolysin or aerolysin) by an
electric driving force at varying guanidine hydrochloride con-
centrations. In this study, very long current blockades in nano-
pores were observed depending strongly on the concentra-
tion of the denaturing agent in the vicinity of the denatura-
tion transition.26,27 Mechanical unfolding of MBP was also

investigated. MBP was unfolded using single-molecule force
microscopy in combination with cysteine engineering, showing
three unfolding intermediates.28 Finally, by native state pro-
teolysis experiments, the mapping of transient partial unfolding
state under native conditions has been proposed.29

It thus appears that the determination of the energy landscape
of MBP could help in the characterization of its unfolding
pathway. We thus produced 15N-labeled MBP to study its
stability by NMR combined with fluorescence spectroscopy.
NMR HX experiments, conducted under native conditions,
allowed us to characterize the protection factors of 180 MBP
amino acid residues located all along the sequence. We observed
that helix α14 of MBP−βCD has particularly low protection
factors. In addition, we conducted HX experiments at sub-
denaturing guanidine hydrochloride concentrations to differ-
entiate global unfolding events from local fluctuations. The
results allowed a partial determination of the energy landscape
of MBP−βCD.

■ MATERIALS AND METHODS

Preparation and Purification of Proteins. The p1H
plasmid (generous gift of J.-M. Betton, Institut Pasteur, Paris,
France) was used to express MBP in Escherichia coli strain BL21
under 50 μg/L ampicillin selection pressure. [15N]MBP labeling
was achieved by growing p1H-transformed E. coli in a large

Figure 1. MBP topology.
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volume of M9 medium containing 15NH4Cl (CortecNet, Paris,
France) as the sole nitrogen source. To that end, p1H-transformed
E. coli cultures were grown in series with sequential inoculation
respecting the following order: 10 mL of LB medium, 200 mL of
M9 medium, and 5 L of M9 15NH4Cl medium. In the last 5 L
culture, when the OD600 reached 0.5, overexpression was
induced by the addition of 1 mM IPTG. After a 3 h IPTG
induction, cells were harvested by centrifugation (4000 g for 1 h).
Periplasmic MBP was then extracted by osmotic shock.30,31

Briefly, the pellet was washed twice with 10 mM Tris-HCl (pH
7.2) and resuspended in 250 mL of 30 mM Tris-HCl (pH 7.2),
0.1 mM EDTA, and 20% sucrose. Cells were pelleted by
centrifugation (4000 g for 1 h). The pellet was osmotically
shocked by resuspending the cells in ice-cold water. The
suspension was centrifuged (4000 g for 1 h), and 20 mM Tris-
HCl buffer (pH 7.2) was added to the supernatant. This
periplasmic fraction was loaded onto an anion exchange
chromatography column for MBP purification (Q-Sepharose,
GE Healthcare, Fairfield, CT). Elution was achieved with a linear
NaCl gradient (0 to 250 mM) without additions (apo-MBP),
with 10 mM maltose (MBP−maltose), or with 10 mM β
cyclodextrin (MBP−βCD). Buffer exchange and concentration
were achieved by filtration on a 10 kDa cutoff Amicon device
(ULTRA-15 10K, Fischer Scientific, Waltham, MA). For NMR
experiments, samples were concentrated to 1 mM in 20 mM
sodium phosphate buffer (pH 7) using ε278 = 68750 M−1 cm−1.
Study of Guanidine Hydrochloride-Induced Unfolding

by Fluorescence Spectroscopy. Steady state experiments
were conducted at 25 °C on a Synergy TM4 thermostated
spectrofluorimeter (Bio Tek instruments, Winooski, VT). All
samples (apo-MBP, MBP−maltose, and MBP−βCD) were
incubated with various concentrations of guanidine hydro-
chloride for 2 h at 25 °C before measurements were taken.
Fluorescence emission spectra were then recorded at 345 nm
(excitation at 295 nm), which ensures that the emission is
dominated by tryptophan fluorescence.
Theory of Hydrogen Exchange. For structurally

protected hydrogens, Linderstrom-Lang proposed a two-state
situation:32,33
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where R is the universal gas constant, T the temperature, and Kop
the equilibrium constant of unfolding. krc values were calculated
by using SPHERE (http://www.fccc.edu/research/labs/roder/
sphere). This software approximates krc values using hydrogen
exchange rates of unfolded oligopeptides.34,35 We use herein the
term “apparent change in Gibbs free energy” like other authors36

because krc values are obtained on peptide models, which rep-
resents the unique and currently used method for determining
random coil rate constants for exchange.7

In proteins, the amide hydrogen may undergo HX via global
unfolding (gu) or local fluctuations (lf) or both mechanisms.
ΔGgu

app and ΔGlf
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where m represents the denaturant dependence of unfolding.
NMR Spectroscopy. All experiments were performed on

60 μL samples with the MATCH system (Cortecnet, Voisins-
Le-Bretonneux, Fr). All NMR spectra were recorded at 37 °C
on a Bruker Avance 600 MHz NMR spectrometer equipped
with a cryoprobe. Data were acquired and processed using
Topspin 2.1 (Bruker, Rheinstetten, Germany).

Chemical Shift Perturbations. Spectra were recorded at
37 °C. To check the sample stability, we compared two HSQC
experiments acquired at a 1 week interval. We found that the
intensities of HSQC peaks were identical and no supplemental
peaks appeared during this delay, which indicates a very good
stability of the MBP samples. Spectra were transformed using
Topspin 2.0. Chemical shift perturbations were examined at
different concentrations of guanidine hydrochloride (0.2, 0.4,
0.6, 0.8, and 1M). Chemical shift differences were calculated
using the equation Δδ = {(δ1

H−1M − δ1
H)

2 + [(δ15
N−1M − δ15

N)/
6.5]2}0.5 according to Mulder et al.37 δ1

H−1M and δ15
N−1M are the

chemical shifts observed with MBP−βCD at 1 M guanidine
hydrochloride. δ1

H and δ15
N are the chemical shifts observed with

MBP−βCD in phosphate buffer (pH 7). HSQC spectra were
recorded with four scans and 256 increments in the 15N indirect
dimension. The spectral widths used in both dimensions were
3501 Hz for hydrogen and 3000 Hz for nitrogen.

Hydrogen Exchange Studies and Acquisition of NMR
Data. Hydrogen exchange NMR experiments were performed
in the absence or presence of guanidine hydrochloride (0.2, 0.3,
0.4, 0.6, and 0.8 M) to stay below the unfolding concentration.
The protein samples were lyophilized before being dissolved
in D2O. The samples were then loaded on a pretuned and
preshimmed NMR spectrometer, and the HSQC spectra were
recorded at different time intervals using the same acquisition
parameters as described above.
Amide proton exchange rates, kex, were determined by fitting

the intensity decay of HSQC peaks with a single-exponential curve
I = I0 exp(−kext) using IGOR Pro (Wavemetrics, OR, USA).
Thermodynamic parameters and error bars have been obtained
after fitting eqs 4−6 using IGOR Pro. The crystal structure of
MBP−βCD at 1.8 Å [Protein Data Bank (PDB) entry 1DMB12]
was used to visualize and summarize the results. Figures 5 and 8
were generated with PyMOL (The PyMOL Molecular Graphics
System, version 1.2r3pre, Schrödinger, LLC, New York, NY).

■ RESULTS
Evolution of Tryptophan Fluorescence during MBP

Unfolding Using Guanidine Hydrochloride. We examined
the evolution of the MBP tryptophan fluorescence spectrum
depending on the concentration of guanidine hydrochloride in
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20 mM phosphate buffer (pH 7) at 25 °C. These spectra reflect
changes in the tertiary structure of MBP (Figure 2). We found
that MBP unfolds according to a simple two-state process in the
presence or absence of ligand, as previously demonstrated.20,38

Structural Stability of MBP−βCD Examined via
Hydrogen Exchange Experiments. HX experiments were
performed under native conditions to calculate protection
factors and to obtain thermodynamic parameters at the residue
level. As a first step, a two-dimensional HSQC spectrum of
MBP−βCD was recorded in phosphate buffer at 37 °C and
then compared to that obtained by Gardner et al.13 This
allowed us to assign easily the amide signals of 180 amino acid
residues (Figure 3A). We next examined the modifications of
this HSQC spectrum with increasing guanidine hydrochloride
concentrations (Figure 3B,C) and compared the results to the
fluorescence data. We noticed that the global HSQC spectrum
of MBP−βCD still shows a large dispersion, which indicates
that the protein remains partly in the folded state at 1 M
guanidine hydrochloride (Figure 3B), close to the midpoint
transition of tryptophan fluorescence (Figure 2). However,
some peaks are broadened because of an intermediate exchange
(from microsecond to millisecond scale). On the other hand, at
1.5 M guanidine hydrochloride (Figure 3C), the HSQC spectrum
becomes characteristic of an unfolded protein, with a narrow
dispersion of the peaks. These results are consistent with our
fluorescence data.
The study of the thermodynamic parameters involved in the

energy landscape, determined by HX experiments, is only
possible if the exchange lies in the EX2 regime (bimolecular
exchange). Previous calorimetric studies have established the
validity of a two-state unfolding model for MBP under the pH
conditions used here.17,19,29 To confirm this proposal, we measured
the exchange rates (kex) of five amino acid residues at different pH

values. We observed a linear increase in kex with pH, which is direct
evidence of an EX2 mechanism (Figure S1 of the Supporting
Information).
We thus compared the MBP−βCD HSQC spectrum in

H2O/phosphate buffer (pH 7) to that obtained in D2O/
phosphate buffer (pH 7) after 23 min (representing the minimal
sample preparation time for HSQC recording). We observed
that the amide signals of 57 amino acid residues disappeared in
the first D2O HSQC spectrum because of fast Hydrogen−
deuterium (H−D) exchange (Figure S2A,B of the Supporting
Information). Consequently, we studied the intensity decay of
the 123 remaining amino acid residues by recording a series of
HSQC spectra over time. Among them, on the other hand, the
intensity of 22 amide peaks stayed very stable over time (see
Figure S2C of the Supporting Information). We determined the
kex of the 101 remaining peaks by fitting the data to a single-
exponential decay equation (for illustrative examples, see Figure S3
of the Supporting Information), which allowed us to calculate the
protection factor (PF = 1/Kop) and ΔGHX

app (see eq 3). Results
are shown in Figure 4 and Table 1. A log(PF) value of 9 is given
to nondecaying peaks, indicating highly protected amino acid
residues. A log(PF) value of 3 is given to the 57 rapidly decaying
peaks. The uncertainty in the ΔGHX

app report is based solely on
the measurement of kex as proposed by Dixon et al.39

It can be seen from Figures 4 and 5 that strands βA, βE, and
βJ that are located in the core of the globular parts of MBP are
particularly protected [with at least two amino acid residues
with a log(PF) equal to 9]. A high level of protection is also
observed for helices α5, α6, and α9, which are located between
the two globular domains [with at least one amino acid residue
with a log(PF) of 9]. Interestingly, β-strands βG and βH, located
at the edge of the C-domain and close to the C-terminus, show
very low protection factors. Furthermore, helix α11 that bridges
the N- and C-domains with the C-terminus is less protected than
the rest of the two globular parts of MBP. Finally, the last helix of
the C-terminus (helix α14) is less protected and is more exposed
to solvent exchange. If we observe the MBP structure (Figure 5),
it appears that amino acid residues with a high protection factor
(red) are in most cases buried in the core of the globular
domains, whereas amino acid residues with a low protection
factor (blue) are generally exposed on the protein surface.

Structural and Dynamics Perturbations Due to
Guanidine Hydrochloride. Amide protons and 15N chemical
shifts are sensitive probes of the local environment of a given
amino acid residue (see, for example, the work of Wetzel et al.8

and Mohan et al.40) and have a well-established correlation with
secondary structure.41−43 These shifts can thus reflect average
changes in hydrogen bond distances and in the ϕ, ψ, and χ
torsion angles. The amide 1H and 15N chemical shifts of the
180 peaks assigned on the HSQC spectrum were measured in
H2O at 37 °C in the absence of guanidine hydrochloride and
compared with that observed in the presence of 1 M guanidine
hydrochloride. Figure 6 shows the difference in 1H/15N chemical
shifts between these two conditions (for superimposition of
HSQC spectra, see Figure S4 of the Supporting Information).
When we combine these results with the protection factors, three
different kinds of behaviors were observed depending on the
MBP region. The first group concerns the βE and βJ strands,
having high protection factors and small chemical shift
perturbations (variations of <0.026 ppm). This suggests that
these secondary structures are still not accessible to the solvent
even in the presence of 1 M denaturant. The second group (helix
α14) is characterized by low protection factors and large

Figure 2. Guanidine hydrochloride denaturation curves of MBP.
Evolution of tryptophan fluorescence of MBP (excitation at 295 nm,
emission at 345 nm) with guanidine hydrochloride concentration. The
experimental curves for apo-MBP (▲), MBP−βCD (■), and MBP−
maltose (●) were normalized to 1 in the absence of guanidine
hydrochloride by using the relation f N = (Y − YD)/(YN − YD), where
YN and YD are the fluorescence values of the native and unfolded MBP,
respectively. Experiments were conducted at 25 °C in 20 mM
phosphate buffer (pH 7).
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chemical shift perturbations. This suggests environmental
perturbations (unfolding or solvent accessibility). The third
group is composed of helix α6, which has both a high protection

factor and large chemical shift perturbations. This helix, located
at the edge of the C-domain, becomes vulnerable to external
perturbations in the presence of denaturant but interestingly

Figure 3. 1H−15N HSQC NMR spectra of MBP−βCD in 20 mM phosphate buffer (pH 7) at 37 °C and (A) 0 M, (B) 1 M, and (C) 1.5 M guanidine
hydrochloride.
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does not exchange amide protons. Finally, it can be noted that
helix α5 implicated in β-cyclodextrin binding (for example E153
or F156) has no important chemical shift perturbations and has
intermediate protection factors.
Residue-wise Unfolding Characteristics. Small local

fluctuations and larger unfolding events cannot be distinguished
in the H−D exchange experiments presented in Figure 4.
The apparent change in Gibbs free energy (ΔGHX

app) is a com-
bination of both phenomena. It is possible to separate these
two contributions using subdenaturing guanidine hydrochloride
conditions. The apparent m value is correlated with the maximal
increase in accessible surface area upon unfolding.9,44 In this
work, we performed a set of hydrogen exchange experiments in
the absence of guanidine hydrochloride and at four different
guanidine hydrochloride concentrations (0.2, 0.4, 0.6, and 0.8 M).
Under these conditions, 67 amino acid residues could be
examined. The contributions of ΔGgu

app and ΔGlf
app were

obtained after fitting the ΔGHX
app versus guanidine hydro-

chloride concentration with eq 4. As illustrative examples, the
denaturant dependence of the apparent change in Gibbs free
energy for several amide protons exchanges is shown in panels
A and B of Figure 7. From this figure and Table 2, we can con-
clude that both global unfolding and local fluctuations impact
MBP amide hydrogen exchange. Many amino acid residues ex-
hibited a near-zero apparentm value (inferior to 0.5 kcal mol−1 M−1)
in the HX data (for example, amino acid residues 25, 99,
111, ...), indicating that the dynamics are influenced by local
events even in the most stable region of proteins, and little
surface area is exposed as already noticed for another protein.2,45,46

Furthermore, the dispersed ΔGgu
app values of these amino acid

residues (minimum of 6.4 kcal mol−1, maximum of 10.2 kcal mol−1,
standard deviation superior to 1 kcal mol−1) suggest that these
residues exchange through uncorrelated motion. The apparent

m values and the ΔGgu
app obtained for individual residues are

shown on the native structure of MBP (Figure 8). Amide
protons exchanging through the same subglobal unfold-
ing event should share similar values of ΔGgu

app and apparent
m values. For a protein with partially unfolded states, amino
acid residues from an independent unfolding unit will be char-
acterized by the clustering of their ΔGgu

app and apparent m
values. Figure 8 shows that a correlation could exist between
certain ΔGgu

app and apparent m values for MBP. As proposed,47,48

we plotted apparent m values of individual amino acid residues
against ΔGgu

app (Figure 9). For MBP, it appears that helix α4 and
a part of helices α5 and α6 can be clearly grouped into a
subdenaturing folding unit, characterizing a high-energy partially
folded species. Interestingly, helix α4 has been identified as a small
cooperative unfolding unit [amino acid residues D136 and L139
(Figure 7B and Table 2)].
To obtain further information about the stabilities of the

different regular secondary structures, we measured hydrogen
exchange and protection factors at 310 K at a higher guanidine
hydrochloride concentration (1 M). Only the kex values of
residues belonging to the most stable regularly secondary
structures were recorded because of strong exchanges.8 The
rates are reported in Table S1 of the Supporting Information
and reveal that, in comparison to measurements in the absence
of denaturants, exchange is particularly accelerated in helices
α4 and α11, and in strands β C−E, G, and L. It is particularly
interesting to see that the exchange rates of the amino acid
residues from βD implicated in the hinge (amino acid residues
111−113) increase simultaneously, which is consistent with our
previous results showing that these amino acid residues have
similar ΔGgu

app and apparent m values (Table 2). The same
remark can be made about the βCD binding site of three amino
acid residues (62, 111, and 153). It is noteworthy that strand

Figure 4. Protection factors for individual amino acid residues of MBP−βCD in 20 mM phosphate buffer (pH 7) at 37 °C (see Table 1). White
helices and β-strands belong to the N-domain and gray helices and β-strands to the C-domain.
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βA seems still particularly protected at this high guanidine
hydrochloride concentration.

■ DISCUSSION

Low Structural Stability of the C-Terminus of MBP.We
found that the last helix of MBP (helix α14) has low protection
factors (Figures 4 and 5). This result confirms the independent
behavior of the C-terminus of MBP compared to that of the
globular parts of the protein, as previously proposed.29 Indeed,
the C-terminus was already demonstrated as the first to detach
from the folded structure using mechanical unfolding.28 In native

state proteolysis experiments, Chang et al. suggested that large
parts of helices 13 and 14 correspond to a low-energy state in
the energy landscape of MBP.29 Furthermore, these authors
found that the unfolding of these secondary structure elements
is uncoupled from the unfolding of the rest of the protein. In
agreement with these experimental data, molecular dynamics
simulations using unfolding forces on the terminus
of MBP demonstrated that helix α14 unfolds first followed by
helices α9−α13.49

Amino Acid Residues Implicated in the Hinge of MBP
Exhibit Similar Thermodynamic Behavior. We can observe
that amino acid residues 111−113 and amino acid residues

Table 1. Summary of Thermodynamic Parameters (ΔGHX
app) Obtained for Individual Residues Using HX

position residue
ΔGHX

app

(kcal mol−1) position residue
ΔGHX

app

(kcal mol−1) position residue
ΔGHX

app

(kcal mol−1) position residue
ΔGHX

app

(kcal mol−1)

βA V8 SD L113 8.75 ± 0.24 α6 F194 9.95 ± 0.37 α10 T286 SD
βA I9 SD βE S114 SD α6 L195 10.07 ± 0.46 α10 E288 FD
βA W10 SD βE I116 SD α6 V196 9.95 ± 0.16 α10 G289 7.29 ± 0.67

N12 FD βE Y117 SD α6 K200 FD α10 V293 8.59 ± 0.20
D14 FD βE N118 SD βI K202 FD α10 N294 8.51 ± 0.35

α1 G16 FD L121 6.42 ± 0.06 N205 11.69 ± 0.22 α10 K295 8.16 ± 2.06
α1 E22 FD L122 10.19 ± 1.01 A206 10.46 ± 0.04 G300 6.76 ± 0.14
α1 V23 6.73 ± 0.10 N124 SD D207 FD βM A301 7.83 ± 0.06
α1 G24 9.64 ± 0.08 W129 SD T208 FD βM V302 5.97 ± 0.37
α1 K25 7.94 ± 0.27 E130 FD α7 D209 FD α11 L304 9.74 ± 0.31
α1 K26 8.31 ± 0.13 α4 D136 9.40 ± 1.11 α7 S211 FD α11 K305 7.62 ± 0.31
α1 T31 5.58 ± 0.02 α4 L139 9.72 ± 1.24 α7 I212 10.46 ± 0.04 α11 E308 FD
α1 G32 FD α4 K140 6.31 ± 0.12 α7 A213 FD α11 E309 FD

I33 8.27 ± 0.06 βF K144 FD α7 E214 FD α11 E310 FD
L34 6.71 ± 0.21 βF A146 FD G220 10.61 ± 0.26 α11 A312 FD
V35 10.16 ± 0.35 βF L147 5.21 ± 0.24 T222 9.46 ± 0.06 α12 I317 7.83 ± 0.17
T36 9.71 ± 0.07 F149 10.65 ± 0.06 A223 6.42 ± 0.06 α12 T320 9.32 ± 0.10

βB V37 FD N150 FD βJ M224 SD α12 N323 8.78 ± 0.35
βB E38 9.17 ± 0.22 Q152 7.75 ± 0.06 βJ T225 SD α12 Q325 7.91 ± 0.11

K42 FD α5 E153 7.07 ± 0.05 βJ N227 11.50 ± 1.03 G327 8.17 ± 0.31
α2 E44 FD α5 F156 9.25 ± 0.01 α8 G228 10.21 ± 0.23 I329 10.12 ± 0.79
α2 T53 7.51 ± 0.20 α5 T157 SD V240 FD M330 10.60 ± 0.59
βC I60 8.18 ± 0.01 α5 W158 9.80 ± 0.58 N241 10.82 ± 0.18 I333 7.28 ± 0.01
βC F61 10.37 ± 0.63 α5 L160 SD βK G243 10.07 ± 1.12 α13 W340 8.69 ± 0.05
βC W62 10.09 ± 0.64 α5 A162 9.94 ± 0.82 βK T245 11.42 ± 1.01 α13 T341 FD
βC A63 6.12 ± 0.46 α5 A163 SD L247 6.69 ± 0.23 α13 A342 11.16 ± 1.01
α3 G68 FD D164 6.28 ± 0.09 T249 8.45 ± 0.01 α13 V343 FD
α3 G69 FD G165 FD F250 SD α13 A346 8.49 ± 0.06
α3 A71 10.49 ± 0.30 G166 FD G252 FD α13 V347 8.95 ± 0.73
α3 Q72 8.21 ± 0.21 βG Y167 FD Q253 10.73 ± 0.06 α13 I348 FD
α3 S73 10.88 ± 0.12 βG A168 FD K256 8.97 ± 0.18 α13 N349 8.44 ± 0.06
α3 G74 FD βG F169 7.36 ± 0.07 βL F258 10.96 ± 0.18 α13 A351 9.21 ± 0.01
α3 L75 5.53 ± 0.47 βG K170 7.42 ± 0.02 βL G260 8.94 ± 0.02 G353 FD
α3 L76 FD βG Y171 FD βL V261 FD Q355 FD
α3 A77 7.89 ± 0.17 E172 FD βL L262 7.31 ± 0.05 α14 T356 FD
α3 Q86 FD G174 FD βL S263 11.33 ± 0.20 α14 L361 6.85 ± 0.08
α3 T93 7.89 ± 0.17 βH Y176 FD βL A264 FD α14 Q365 7.62 ± 0.55
α3 W94 6.90 ± 0.41 βH V181 7.09 ± 0.21 βL G265 11.55 ± 0.06 α14 T369 FD
α3 D95 8.99 ± 0.22 V183 7.34 ± 0.09 βL I266 10.91 ± 0.12 K370 FD

V97 SD D184 5.38 ± 0.10 A268 10.40 ± 0.07
Y99 7.98 ± 0.03 α6 N185 FD α9 N272 6.21 ± 0.92
G101 FD α6 G187 FD α9 E274 FD

βD Y106 SD α6 A188 6.77 ± 0.18 α9 L275 FD
βD I108 SD α6 K189 10.19 ± 0.83 α9 F279 10.79 ± 0.55

A109 FD α6 A190 FD α9 E281 SD
βD E111 8.29 ± 0.08 α6 G191 9.35 ± 0.04 α9 L282 10.54 ± 0.27

A112 9.54 ± 0.22 α6 T193 SD α9 Y283 SD
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260 and 262 (βL strand), which connect the two MBP
domains,11,16 have similar apparent m values (mean value of
0.3 kcal mol−1 M−1) and ΔGgu

app values (mean value of 8.6 kcal
mol−1) (Figure 7A and Table 2). The apparent m value suggests
that these amino acid residues unfold through local perturbation.
Amino acid residue 263 has a larger ΔGgu

app value but is included
in the core of the N-domain. These results show that amino acid
residues 111−113, 260, and 262 present a similar thermody-
namic stability, sharing similar unfolding properties. Interestingly,
many studies have demonstrated that the relative orientation of

the globular domains of MBP could vary depending on the
ligand50 and that amino acid residues 111−113, 259−263, and
310−315 were acting as a hinge and were implicated in the
conformational changes associated with domain closure.16,51 The
third interdomain segment (residues 311−315) is located in a
loop. Consequently, exchanges were too fast to be measured, and
thermodynamic parameters could not be calculated.

Maltose Binding Site. The amino acid residues implicated
in ligand binding for which thermodynamic parameters were
obtained (62, 111, 153, and 156) are characterized by an apparent
m value inferior to 1, which indicates an unfolding process via
local perturbation (Table 2). It is noteworthy that, as demon-
strated by Chang et al., the maltose binding site keeps its integrity,
even after thermolysin or trypsin cleavage, suggesting a similar and
quite high-energy state for these amino acid residues in the MBP
energy landscape.29 A recent study proposes to generate the free
energy landscape differences between apo- and holo-MBP based
on a molecular simulation approach.52 Interestingly, it was demon-
strated that protein−ligand interaction plays an important role in
the mechanical unfolding pathway.53 A future thermodynamic
NMR study of apo-MBP should allow us to illustrate this aspect.

A Partially Folded State, Which Is Weakly Populated
under Native Conditions. It has been reported that no
populated intermediate state can be detected in bulk experiments
during thermal or chemical denaturation.54 However, we demon-
strate here that helix α4 and a part of helices α5 and α6 represent
a subdenaturing folding unit under native conditions and that
their kex values increase simultaneously at 1 M guanidine hydro-
chloride (Table S1 of the Supporting Information). Such partially
folded states have already been observed for other proteins.2,47

These results are compatible with mechanical unfolding studies
showing that four structural blocks detached sequentially from

Figure 5. Protection factors are mapped on the crystal structure of the
MBP−βCD complex (PDB entry 1DMB12). Backbone amide protons
that are highly protected [log(PF) superior to 7] are colored red.
Backbone amide protons that have low protection factors [log(PF)
inferior to 5] are colored blue. The gray portions represent the
secondary structure of the C-domain.

Figure 6. 1H and 15N chemical shift perturbations in the presence of guanidine hydrochloride. Residue specific summed chemical shift changes (Δδ)
calculated from ΔHN and ΔN shifts for MBP−βCD in the absence or presence of 1 M guanidine hydrochloride at 37 °C in 20 mM phosphate buffer
(pH 7). The horizontal line at 0.026 ppm corresponds to the mean shift (to eliminate important chemical shift variations, we have calculated the
average using 85% of the values by excluding the shift variations superior to 0.06 ppm). White helices and β-strands belong to the N-domain and
gray helices and β-strands to the C-domain.
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MBP,28 helices α4−α6 being part of the fourth block. This
fourth block, composed of the whole C-domain, is the last to
unfold in the mechanical unfolding experiment. Our NMR
results demonstrate the high thermodynamic stability of this
part of the C-domain, whereas single-molecule force spectro-
scopy demonstrates the mechanical stability of the whole
C-domain.
Comparison with Single-Nanopore Recording. The

results could finally help us to understand long transient
conformations that were detected when studying the trans-
location of protein through single-nanopore recording.26,55

In these experiments, long time blockades of the nanopore were
observed and interpreted as the penetration of an unfolded
segment of the MBP inside the nanopore while a folded part
of the protein remained outside of it. Because of the low

Figure 7. Illustrative examples of the denaturant dependence of the
apparent change in Gibbs free energy of hydrogen exchange. The lines
represent the fit (eq 6). (A) Empty circles represent data for A112
(belongs to βD, dashed line), empty squares data for L113 (belongs to
βD, dashed line), empty triangles data for E111 (belongs to βD,
dashed line), filled circles data for G260 (belongs to βL, solid line),
and filled squares data for L262 (belongs to βL, solid line). All these
amino acid residues belong to the MBP hinge. (B) Empty squares
represent data for L139 (belongs to helix α4, dotted line), empty
circles data for D136 (belongs to helix α4, dashed line), filled circles
data for A351 (belongs to helix α13, solid line), filled squares data for
V347 (belongs to helix α13, solid line), filled triangles data for F169
(belongs to sheet βG, dashed and dotted line), and empty triangles
data for K170 (belongs to sheet βG, dashed and dotted line).

Figure 8. Apparent change in Gibbs free energies of unfolding
(ΔGgu

app) and apparent m values mapped on the crystal structure of
the MBP−βCD complex (PDB entry 1DMB12). (A) The range of
ΔGgu

app values is represented as follows: blue for values inferior to
9.5 kcal mol−1 and red for values superior to 9.5 kcal mol−1. (B) The
range of apparent m values is represented as follows: blue for values
inferior to 1.0 kcal mol−1 M−1, yellow for values between 1.0 and
2.0 kcal mol−1 M−1, and red for values inferior to 2.0 kcal mol−1 M−1.

Figure 9. Residue specific hydrogen exchange data of MBP. Apparent
m values are plotted vs ΔGgu

app. Circles represent data for amino acid
residues of helices α4−α6. Data for other amino acid residues from
Table 2 are represented with triangles.
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thermodynamic stability of the C-terminus of MBP, we can pro-
pose that the C-terminal chain of MBP is responsible for channel
blockade and that it also contributes to drive the transport of the
protein through the nanopore. In the single-nanopore recording
experiments, it was also observed that a maximal value of un-
folded protein translocation is obtained at 1 M guanidine hydro-
chloride assimilated to the completely unfolded protein state.26,55

Interestingly, these NMR results indicate that the tertiary structure
of MBP is still present at 1 M guanidine hydrochloride. A first
explanation of this apparent difference could be that the peak
broadening observed by NMR at 1 M guanidine hydrochloride
demonstrates the MBP intermediate conformational exchange
(from microseconds to milliseconds). This time scale could corre-
late with the duration of the blockade observed in the single-
nanopore recording. Another hypothesis is that the electrical force
applied to the solution in the single-pore recording experiment
would be responsible for a decrease in the midpoint of the
transition value between the folded and unfolded states. Further
investigation is needed to validate one of these hypotheses.
In summary, we have determined the thermodynamic land-

scape of MBP based on H−D exchange. We have shown that
helix α4 and a part of helices α5 and α6 can be clearly grouped
into a subdenaturing folding unit, characterizing a weakly

populated high-energy partially folded species under native
conditions. These results open new perspectives for under-
standing the ligand influence on MBP thermodynamic stability
and, beyond, for understanding the general protein kinetic
folding pathway.
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Table 2. Summary of the Energetics of Unfolding (apparent m values, ΔGlf
app, and ΔGgu

app) Obtained for the Individual Amino
Acid Residues Using Denaturant-Dependent HX

position residue
ΔGlf

app

(kcal mol−1)
ΔGgu

app

(kcal mol−1)
m value

(kcal mol−1 M−1) position residue
ΔGlf

app

(kcal mol−1)
ΔGgu

app

(kcal mol−1)
m value

(kcal mol−1 M−1)

α1 V23 6.9 ± 0.6 α6 G191 9.3 ± 0.1 0.3 ± 0.1
α1 G24 9.6 ± 0.1 13.2 ± 3.1 4.3 ± 3 α6 L195 10.2 ± 0.3 1.5 ± 0.5
α1 K25 7.8 ± 0.1 0.3 ± 0.1 A206 10.5 ± 0.1

I33 8.3 ± 0.1 G220 10.6 ± 0.2 15.5 ± 1.8 9.5 ± 2.5
L34 6.7 ± 0.1 T222 9.5 ± 0.1
V35 10.1 ± 0.4 7.4 ± 1.5 7.4 ± 2.3 A223 10.9 ± 0.1 0.9 ± 0.1
T36 9.7 ± 0.1 βJ N227 10.8 ± 0.1

βB E38 9.4 ± 0.1 α8 G228 10.2 ± 0.1 0.5 ± 0.2
βC I60 8.2 ± 0.1 L247 6.8 ± 0.2 0.4 ± 0.3
βC F61 10.6 ± 0.5 T249 8.5 ± 0.2
βC W62 9.9 ± 0.2 0.9 ± 0.4 βL Q253 10.9 ± 0.1
α3 T93 βL G260 8.9 ± 0.1 0.2 ± 0.1
α3 W94 βL L262 7.3 ± 0.1 0.3 ± 0.1
α3 D95 9.1 ± 0.3 13.6 ± 5 6.3 ± 5 S263 11.4 ± 0.1 0.9 ± 0.2

Y99 8.0 ± 0.1 0.3 ± 0.1 A268 10.6 ± 0.2
βD E111 8.3 ± 0.1 0.4 ± 0.1 α9 N282 10.6 ± 0.1 13.6 ± 0.2 8.3 ± 0.4

A112 9.7 ± 0.2 0.5 ± 0.4 α10 G289 7.2 ± 0.1 0.9 ± 0.1
L113 8.7 ± 0.1 0.2 ± 0.1 α10 V293 8.6 ± 0.1
L121 6.4 ± 0.1 −0.1 ± 0.9 α10 N294 8.5 ± 0.1 0.4 ± 0.2
L122 10.0 ± 0.3 3.9 ± 0.6 α10 K295 8.0 ± 0.2 1.2 ± 0.4

α4 D136 9.6 ± 0.4 13.6 ± 1.9 18.7 ± 5.3 βM A301 7.8 ± 0.1 0.2 ± 0.1
α4 L139 9.5 ± 0.2 14.5 ± 1.7 19.3 ± 4.6 α11 K305 7.6 ± 0.1
βF L147 5.8 ± 0.2 α12 I317 7.8 ± 0.1 0.2 ± 0.1

Q152 7.7 ± 0.9 0.6 ± 0.5 α12 T320 9.2 ± 0.1 0.3 ± 0.2
α5 E153 7.2 ± 0.1 α12 N323 8.8 ± 0.1 1.1 ± 0.3
α5 F156 9.3 ± 0.1 0.2 ± 0.1 α12 Q325 7.8 ± 0.1
α5 A162 10.1 ± 0.1 13.7 ± 2.4 17.9 ± 6.9 I333 7.2 ± 0.1

D164 6.5 ± 0.1 W340 9.0 ± 0.1
βG F169 7.4 ± 0.2 1.4 ± 0.4 α13 A346 8.9 ± 0.1 0.6 ± 0.1
βG K170 7.6 ± 0.3 1.5 ± 0.5 α13 V347 9.1 ± 0.2 11.0 ± 0.7 6.9 ± 1.4
βH V181 7.3 ± 0.1 α13 A351 9.2 ± 0.1 11.5 ± 0.4 3.7 ± 0.5

V183 7.5 ± 0.2 9.6 ± 0.5 2.3 ± 0.6 α14 L361 6.9 ± 0.1
α6 A188 7.1 ± 0.1 α14 Q365 7.6 ± 0.1 0.7 ± 0.2
α6 K189 10.4 ± 2.6 14.2 ± 2.6 19.7 ± 7.7
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