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ABSTRACT: The serine/threonine mammalian sterile 20-like kinase
(MST1) is involved in promotion of caspase-dependent and independent
apoptosis. Phosphorylation and oligomerization are required for its
activation. The oligomerization domain, denoted as SARAH domain,
forms an antiparallel coiled coil dimer, and it is important for both MST1
autophosphorylation and interactions with other proteins like the Rassf
proteins containing also a SARAH domain. Here we show that the
monomeric state of SARAH is thermodynamically unstable and that
homodimerization is coupled with folding. Moreover, the influence of the
inhibitory domain on SARAH stability and affinity is addressed. By
investigating the thermal denaturation using differential scanning
calorimetry and circular dichroism, we have found that the SARAH
domain dissociates and unfolds cooperatively, without a stable intermediate
monomeric state. Combining the data with information from isothermal titration calorimetry, a low thermodynamic stability of
the monomeric species is obtained. Thus, it is proposed that the transition from MST1 SARAH homodimer to some specific
heterodimer implies a non-native monomer intermediate. The inhibitory domain is found to be highly flexible and intrinsically
unfolded, not only in isolation but also in the dimeric state of the inhibitory-SARAH construct. The existence of two caspase
recognition motifs within the inhibitory domain suggests that its structural flexibility might be important for activation of MST1
during apoptosis. Moreover, the inhibitory domain increases the thermodynamic stability of the SARAH dimer and the
homodimer affinity, while having almost no effect on the SARAH domain in the monomeric state. These results emphasize the
importance of flexibility and binding-induced folding for specificity, affinity, and the capacity to switch from one state to another.

The mammalian sterile 20-like kinases (MST 1−4) belong
to the germinal center kinase (GCK) subfamily of the

mammalian Ste20-related protein kinases. MST1 and MST2
were found to be involved in apoptotic signaling pathways
through activation of p38MAPK and JNK kinases,1−3 whereas
MST3 and MST4 specifically activate ERK mediated cell
growth and transformation.4,5 Several modulators or scaffold
proteins of MST1/2 have been reported so far. Raf1 binds to
MST2 and down-regulates its activity by inhibiting the
dimerization. The Raf1−MST2 complex is dissociated by
apoptotic stimuli like stress signals or activated Ras.6−8 Death-
associated protein 4 (DAP4) colocalizes MST1 with the
proapoptotic nuclear protein p53 and augments MST1-induced
apoptosis.9

MST1 is an ubiquitously expressed serine/threonine kinase,
originally defined as kinase responsive to stress (Krs-2)10 and
detected in all tested human tissues and cell lines.11 MST1 is
activated by various proapoptotic stimuli and cellular
stress,1,10,12−14 and there are several studies describing the
role of MST1 not only in human-derived cell lines but also in
primary cells.15−19 Its inactivation by promoter methylation was
identified in 37% sarcomas.20 Several substrates of MST1

kinase have been identified so far. For example, the human
Salvador (hSav) enables MST1 to colocalize and phosphorylate
the human large tumor suppressor (Lats1), a human
orthologue of Drosophila melanogaster protein kinase Warts
(Wts).21 The caspase 3 cleaved MST1 phosphorylates
nucleosomic histone H2B both in vertebrates and in S.
cerevisea, leading to DNA fragmentation, chromatin condensa-
tion, and apoptosis.22−24 Full length MST1 was recently found
to phosphorylate the transcription factors FoxO in cytosol,
inducing apoptosis in mammalian neurons25 and also to inhibit
and to be phosphorylated by Akt kinase.26,27

The human MST1 contains three domains: an N-terminal
kinase domain (residues 1−330), an inhibitory domain (330−
431), and an extreme C-terminal dimerization domain (431−
487) known as SARAH domain. MST1 can be autoactivated by
intermolecular cross-phosphorylation.28 The region connecting
the kinase domain to the oligomerization domain, known as the
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inhibitory domain, was found to inhibit the kinase activity.11 A
disordered structure providing flexibility for domain motions
was reported based on one-dimensional NMR and on circular
dichroism spectroscopy, indicating 20% α-helix and 3% β-sheet
content.29 Several phosphorylation sites near a caspase 6/7-
cleavage site (TMTD349) close to this domain were recently
found to be important in MST1 activity toward FoxO1
substrate. Thus, phosphorylation in the inhibitory region may
lead to inhibition of caspase cleavage and retention of MST1 in
the cytoplasm.30 Phosphorylation found earlier to reside close
to another caspase-cleavage site (DEMD326) was reported to
inhibit cleavage by caspase 3.1

The SARAH domain consists of the ultimate 57 C-terminal
residues of MST1. It is responsible for homo- and hetero-
oligomerization with other partners like the tumor suppressors
Nore1 and Rassf1, mediating the Ras apoptotic signaling,
although the exact mechanism remains unclear.28,31,32 NMR
structure analysis showed that the SARAH domain forms an
antiparallel helical homodimer with a highly hydrophobic
interface similar to coiled coil structures.29 Each MST1 SARAH
monomer consists of a long α-helix and a short N-terminal 310-
helix folded toward the α-helix of the other molecule in the
dimer (Figure 1). The kinked 310-helix would result in the

proximity of the two kinase domains necessary for
autophosphorylation. It was reported that the SARAH dimer
represented a novel fold, as there were no close structural
homologues29 (PDB ID: 2JO8).
A detailed investigation on the kinetics of FoxO and histone

H2B phosphorylation by MST1 and on the role of
autophosphorylation and dimerization was reported.30 The
structural results of SARAH domain provided by Hwang et al.29

and the recent structural analysis of the kinase domains of all
MST members33 brought some light into the possible
mechanism of action of MST proteins. Nevertheless, this
represents practically the only biophysical information related
to MST1. In order to completely understand the processes
involving these kinases, the interplay between structure,
energetics, and dynamics should be elucidated. Thus, we
investigated the thermal unfolding, stability, and affinity of
MST1 SARAH domain and the influence of the inhibitory
domain. This provided valuable information on the energetics
of inter- and intramolecular interactions. We show that the
SARAH domain is not stable as a monomer, while the
inhibitory domain is found to represent an intrinsically
disordered region (IDR). Moreover, the inhibitory domain
brings additional thermodynamic stability to the dimeric state
of the SARAH domain.

■ MATERIALS AND METHODS

Cloning, Expression, and Purification. Human MST1
SARAH (residues 437−487), inhibitory (330−431), and
inhibitory-SARAH (330−487) DNA constructs were synthe-
sized by PCR. The products were digested with BamHI/EcoRI
and inserted into the pGEX4T1 vector. The recombinant
protein was expressed in Escherichia coli (BL21 strain) for 12 h
at 25 °C after induction by 0.2 mM isopropyl-β-D-thiogalacto-
side (IPTG) at optical density, OD600, of 0.7−0.8. The protein
was subjected to two purification steps: a glutathion sepharose
affinity chromatography using Tobacco Etch Virus (TEV)
protease for proteolytic cleavage and a size-exclusion
chromatography (on Superdex-75 column) as a final
purification step and to exchange the buffer. Protein
concentrations were determined by the Bradford method34

and by UV absorption at 280 nm: ε280 = 6990 M−1 cm−1

(SARAH), ε280 = 6970 M−1 cm−1 (inhibitory), and ε280 = 15
470 M−1 cm−1 (inhibitory-SARAH).
Differential Scanning Calorimetry. Differential scanning

calorimetry (DSC) was performed with a VP-DSC (MicroCal
LLC, GE Healthcare, Northampton, MA), scanning the sample
in the temperature range 20−100 °C. The buffer (20 mM
sodium phosphate, 100 mM NaCl, pH 7.5) was filtered and
degassed, and then the protein was diluted into the buffer from
a highly concentrated stock solution. Evaluation of the
thermodynamic data was done with the manufacturer’s software
(Microcal Origin 4.1). For each measurement, a reference scan
of the buffer was subtracted from the experimental curve. The
thermal profiles were normalized to the total protein
concentration expressed as monomer, except where otherwise
indicated. DSC scans were carried out as a function of scan rate,
pH, or protein concentration. The calorimetric enthalpy, ΔHcal
(which is dependent on the protein concentration), was
compared with the van’t Hoff enthalpy, ΔHvH (the enthalpy
per cooperative unit, independent of the protein concentration)
to establish the mechanism of thermal denaturation.
Circular Dichroism. The changes in secondary structure

were probed by circular dichroism (CD) in the far-UV region
(from 190 to 250 nm) on a JASCO J-715 spectropolarimeter.
The protein concentration was varied between 0.5 and 35 μM,
in 5 mM sodium phosphate, pH 7.5. The scans were performed
in a 1 or 2 mm path length, rectangular quartz cuvette for
concentrations higher than 5 μM and in a 5 or 10 mm cuvette
for lower concentrations. For thermal denaturation, data points
were taken at 222 nm, 2 or 5 °C intervals, with 1 min
equilibration time at each temperature and a heating rate of 1
°C/min. For 10 μM MST1 SARAH concentration, the
spectrum at each temperature was also collected. Spectra
were recorded at a bandwidth of 1 nm and a scan rate of 50
nm/min. All measurements were an average of three
consecutive scans. Buffer scans were accumulated under the
same conditions and subtracted from the protein spectra before
further analysis.
Isothermal Titration Calorimetry (ITC). ITC was used to

measure the energetics and the KD of MST1 dissociation. The
measurements were performed with MicroCal ITC200. The
solution containing the appropriate concentration of protein
was titrated from the syringe into the cell containing only
buffer. The concentration in the syringe was more than 10
times higher than the expected dissociation constant (KD).
Thus, the protein in the syringe was predominantly dimeric,
and it was diluted to concentrations where it was predom-

Figure 1. View of the MST1 SARAH dimer (NMR structure, PDB ID:
2JO8). The two chains are colored differently, and the hydrophobic
residues that build contacts at the interface are shown as stick
representation.
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inantly monomeric. The injection volume was between 0.5 and
3 μL, and the time between the injections was 3 min. The
buffers were filtered, degassed, and equilibrated at the desired
temperature. The experimental points were fitted with a dimer
dissociation model kindly provided by Prof. Alan Cooper.
Analytical Size-Exclusion Chromatography (SEC). The

analytical SEC experiments were performed with a Superdex 75
16/60 column (GE Healthcare) after being calibrated with the
following proteins: hGBP1 (69.3 kDa), BSA (66.3 kDa),
ovalbumin (42.9 kDa), myoglobin (17.1 kDa), RNase A (13.7
kDa), RAF-RBD (9.2 kDa), and ubiquitin (8.6 kDa). All SEC
experiments were performed with 100 μM protein in a buffer
with 50 mM Tris (pH 7.4), 5 mM MgCl2, 5 mM DTE, and 200
mM NaCl. 100 μL of each protein solution was applied to the
SEC column. The measurements were repeated twice, and the
apparent MWs were averaged.
Cross-Linking Experiments. The cross-linking experi-

ments were performed on ice with 100 μM protein. A buffer
containing 25 mM MES (pH 5) and 200 mM NaCl was used
for the cross-linking experiments with 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide hydrochloride (EDC);
50 mM HEPES (pH 7) and 200 mM NaCl were used for
α,ω-disuccinimidyl glutarate (DSG) cross-linking. Before
adding EDC or DSG (Sigma-Aldrich, Hamburg/Germany),
samples were taken from every protein solution (denominated
as 0). The concentration of EDC of 1 mM at the beginning of
the experiments was increased successively to 2 mM after 10
min, to 3 mM after 25 min, and to 4 mM after 55 min. The
initial concentration of DSG was 0.25 mM and was successively
increased to 0.75 mM after 20 min and to 1 mM after 40 min.
The cross-linking reactions were stopped by mixing the samples
with SDS sample buffer containing 10 mM β-mercaptoethanol
(in case of EDC) or glycine (in case of DSG). Samples were
taken after 5, 10, 15, 20, 30, 40, 60, and 80 min and analyzed by
SDS-PAGE using 15% acrylamide gels.
Turbidity Assays. The turbidity assays were performed by

means of a UV/vis photometer (Specord 200 Analytik Jena).
All measurements were performed with 100 μg/mL protein in a
buffer with 50 mM Tris (pH 7.4), 5 mM MgCl2, 200 mM
NaCl, and 5 mM DTE. First, the ODs of the protein solutions
were measured at 20 °C. After that, the protein solutions were
heated to 95 °C on a heat block for 10 min and immediately
cooled to 20 °C on a prechilled metal block, before the ODs
were measured again. Cytochrome c and lysozyme were
purchased from Sigma-Aldrich.
Dynamic Light Scattering. The dynamic light scattering

(DLS) measurements were performed using an ALV5000 DLS
system (ALV GmbH Langen/Germany). Before measure-
ments, the protein solutions (100 μM protein in 50 mM
TrisHCl (pH 7.4), 5 mM MgCl2, 5 mM DTE, and 200 mM
NaCl) were filtered twice: first by a 40 μm and then by a 20 nm
pore-size filter. The cuvettes were cleaned intensively with
filtered buffer. DLS measurements were repeated 4−12 times,
and the results were averaged. The autocorrelation functions
were fitted with a single-exponential function using the software
supplied by the manufacturer.

■ RESULTS
Thermal Denaturation of MST1 SARAH Domain. DSC

is a powerful method for investigation of energetics of folding
and structural architecture of proteins.35 Thus, DSC was
performed to study the mechanism and energetics of thermal
denaturation of MST1 SARAH and to gain more information

about the homodimerization of this domain. The thermal
unfolding was highly reversible (more than 95%) when heating
the protein up to 100 °C (Figure S1a). The reversibility was
determined from the ratio between the calorimetric enthalpy,
ΔHcal, of the second scan and the one of the first scan.36 Also,
the protein underwent no exothermic irreversible aggregation.
The absence of kinetically controlled processes during the
transition was further supported by measuring the effect of the
scan rate on the peak temperature (Tp), the temperature at
which the heat capacity, Cp, has the maximum value. Tp was
practically independent of the scan rate in the range 20−90 °C
h−1 (Figure S1b). The same observation was made for the
calorimetric enthalpy, ΔHcal, and for the van’t Hoff enthalpy,
ΔHvH (data not shown). All these observations demonstrate
that reliable thermodynamic data can be extracted from the
analysis of the DSC measurements.37

All scans performed under the conditions stated above gave
asymmetric transitions, with Tm (the temperature at which the
unfolding is 50%) lower than Tp, which suggests that the
transition is accompanied by dissociation or/and that the
unfolding mechanism involves several steps.38 Indeed, the
initial attempt to fit the thermogram by the simplest two-state
model failed, the experimental transition being broader than the
fit (Figure S2a). Further, by applying non-two-state model
(including ΔHvH), a deviation of the theoretical curve from the
experimental one was evident (Figure S2b). Two sequential
two-state transitions model gave better but still not appropriate
fits (data not shown). Good fits were obtained either by
applying the two-state dissociation model (n = 2) or by
deconvoluting the transition into two sequential non-two-state
transitions (Figures S2c and S2d, respectively).
For an oligomeric protein that undergoes thermal denatura-

tion, the dependency on protein concentration can give
valuable information on the possible dissociation/association
during unfolding. If a transition involves dissociation of native
species or aggregation of non-native ones during unfolding, a
dependency of the melting temperature on the protein
concentration should be observed, increasing in the first case
and decreasing in the second one. By increasing the protein
concentration 10 times, from 0.5 to 5 mg/mL, an increase of
almost 5 °C in Tm was observed (Figure 2a and Table S1).
Taking into account that the MST1 SARAH structure was
found to be a constitutive dimer, the reciprocal of Tm was
plotted against the natural logarithm of the total protein
concentration, Ct (Figure 2b), and fitted using a derived van’t
Hoff equation, valid for a denaturation model involving dimer-
to-monomer dissociation:39

(1)

The linear dependency of Tm is an indication that the overall
transition implies also dissociation. The enthalpy, ΔHconc, and
the entropy, ΔSconc, of transition can be evaluated from the
slope and the intercept with the ordinate, respectively. The
enthalpy obtained by this method can be compared with ΔHvH

calculated from the individual heat capacity curves, according to
either formula:37
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(2)

where n is the number of subunits, ΔCp,1/2 is the molar excess
heat capacity at Tm, and ΔCmax is the maximal molar excess heat
capacity corresponding to Tp. The parameter A has the
following values: 4 (n = 1 or Nn ↔ Un transition), 5.83 (N2 ↔
2U), 7.47 (N3 ↔ 3U), 9.01 (N4 ↔ 4U). R is the gas constant
(1.987 cal mol−1 K−1).
The processes involving dissociation can be either two-state

(simultaneous unfolding and dissociation, no stable intermedi-
ates) or non-two-state (e.g., dissociation prior to unfolding).40

Finally, if the right stoichiometry is applied for the calculation
of enthalpies and the two-state model is considered valid, all
three enthalpy values ΔHcal, ΔHconc, and ΔHvH should be
similar.38

The enthalpy value (ΔHconc) obtained from Figure 2b is 87
± 2 kcal (mol of cooperative dimer)−1, and the entropy of
unfolding (ΔSconc) is 260 ± 10 cal (mol of cooperative dimer
K)−1. Considering a dimer-to-monomer transition (n = 2 or A
= 5.83), an average value of 76 kcal (mol of cooperative
dimer)−1 for ΔHvH was calculated from eq 2 (Table S2).
Finally, by normalizing the thermograms to the total protein
amount expressed as dimer concentration, an average total
ΔHcal of ≈70 kcal mol−1 is obtained (Tables S1 and S2).
Although ΔHconc was somewhat higher than the other two
values, the dimer−monomer equilibrium appears to represent
the adequate model. Considering the possibility of a higher
oligomer formation, a trimer-to-monomer or a tetramer-to-
monomer transition39 gives ΔHconc values much higher than
the average ΔHcal and the calculated ΔHvH (Table S2).
The thermal denaturation was further investigated by far-UV

circular dichroism to cover lower protein concentrations range.
First, the effect of the protein concentration on the CD
spectrum was investigated. As expected in case of monomers

assembling to form a coiled coil, the ellipticity shifted to more
negative values with increasing concentration (Figure 3a).

Interestingly, also the ratio 222 nm/208 nm (which is supra-

unitary for coiled coils) slightly increased (from 0.9 to 1.2),

suggesting that more coiled coil α-helix was formed.41

Figure 3b displays the collected spectra for 10 μM MST1

SARAH at different temperatures from 10 to 70 °C. The

spectrum at 10 °C is characteristic for a coiled coil like protein

with two ellipticity minima, at 208 and 222 nm, the second one

being more negative than the first (ratio 1.17). The ellipticity at

222 nm gets less negative with increasing temperature, and at a

certain temperature, it also becomes less negative than the one

at 208 nm. Apparently, an isodichroic point at 204 nm is

observed. The thermal unfolding showed concentration

dependency for all range of concentrations used in this study.

The protein folded fraction was calculated from ellipticity at

222 nm measured for each temperature by the following

formula:

(3)

where Θobs is the observed ellipticity, ΘN and ΘU represent the

signal intensities of the native and the unfolded protein,

respectively, and mN and mU are the pre- and post-transition

slope, respectively.

Figure S3a shows typical curves for concentrations between 5

and 20 μM as a function of temperature, and the corresponding

fits that were obtained by applying the following equation:

(4)

Figure 2. Protein concentration dependency of the thermal
denaturation of MST1 SARAH probed by DSC. The concentration
was varied between 74 and 740 μM (0.5−5 mg/mL); scan rate 60 °C
h−1. (a) DSC scans (solid lines) and the corresponding global
sequential nontwo state fit (dashed lines). (b) Tm dependency on the
total protein concentration, according to dimer-to-monomer dissoci-
ation model. The line represents the fit using eq 1.

Figure 3. (a) Concentration dependency of the far-UV CD spectrum
(mean residue ellipticity) for MST1 SARAH at 37 °C: 0.5 μM (dotted
line), 1 μM (dashed dotted dotted line), 2.5 μM (dashed line), 15 μM
(dashed dotted line), and 20 μM (solid line). (b) Far-UV CD spectra
of 10 μM MST1 SARAH in 5 mM Na-phosphate buffer, pH 7.5, as a
function of temperature.
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with

equation applied for two-state dimer−monomer transitions,
where KF is the folding constant and Ct is the total protein
concentration, from where ΔHvH and Tm are obtained.42 The
change in heat capacity (ΔCp) was initially set to zero.43 A
value of 1.33 ± 0.15 kcal mol−1 deg−1 for ΔCp was obtained by
measuring DSC in buffer at different pH values. Interestingly,
the fits of the CD denaturation curves using this value deviated
from the experimental points (Figure S4). This can be an
indication that the approximation of constant ΔCp over the
temperature range does not apply in case of MST1 SARAH or/
and that other structural changes that cannot be detected by
CD, but by DSC, take place.41,44 In fact, this was observed even
from the DSC thermogram as the heat capacity of the folded
protein (pre-transition region) increased with temperature
(Figure S1).
The same linear dependency of Tm as in the case of DSC was

obtained (Figure S3b), but the van’t Hoff enthalpies obtained
from individual denaturation fits as well as from the linear
dependency (eq 1) were a bit lower than the values obtained
from DSC (with ≈5−10 kcal mol−1). The data from DSC and
CD were fitted together using eq 1, yielding ΔHconc slightly
different compared to ΔHconc obtained from DSC only (73 vs
87 kcal mol−1), but very close to the other DSC-derived ΔH
values.
Affinity of MST1 SARAH Dimer and the Thermody-

namics of Dissociation. From the dependency of ellipticity
on the total protein concentration in the range 0.5−35 μM, an
approximated KD at 37 °C could be obtained. Thus, [Θ] at 222
nm was plotted against the protein concentration, and the
experimental data points were fitted by the following equation
(Figure S5a):

(5)

where Θobs is the observed ellipticity at 222 nm, ΘN and ΘD

represent the signal intensities of the native and of the
dissociated protein, KD is the dissociation constant, and Ct is
the total protein concentration. The three parameters ΘN, ΘD,
and KD were let free to vary. The following values were
obtained: ΘN = −29 000 ± 360 deg cm2 dmol−1, ΘD = −15 700
± 2600 deg cm2 dmol−1, and KD = 1.07 ± 0.7 μM. The
corresponding ΔG of dissociation, ΔGdiss, is 8.65 ± 0.49 kcal
mol−1.
The affinity of MST1 dimer and the corresponding

thermodynamics were further probed by ITC. The isotherm
was fitted by a modified dimer dissociation model provided by
Prof. Alan Cooper (Figure S5b). The KD (0.9 ± 0.1 μM) is
similar to the one obtained by CD. A corresponding ΔGdiss of
8.58 ± 0.07 kcal mol−1 is obtained. The dissociation is
enthalpically unfavored (ΔHass = 16 ± 0.8 kcal mol−1) and
entropically favored (TΔSass = 7.4 kcal mol−1). An average

ΔGdiss value of CD and ITC data of 8.62 ± 0.28 kcal mol−1 was
used in subsequent analysis.
Influence of Inhibitory Domain on SARAH Stability

and Affinity. The SARAH domain is connected to the kinase
domain through a long (100 amino acids) region named the
inhibitory domain. We were interested to see if this domain
could have an influence on SARAH stability. Thus, the thermal
denaturation as well as dissociation of MST1 inhibitory-
SARAH construct were performed. The thermal stability of
SARAH is increased by ∼10 °C (a similar result was obtained
using CD, Figure S6b), and the domain unfolds after the
inhibitory domain (which has a Tm around 40 °C) with an
almost independent transition (Figure 4). The transition still

displays protein concentration dependency and can be fitted to
a two-state with dissociation model (data not shown). The
resulting enthalpy change of the SARAH domain is similar to
that for the isolated domain (72 ± 2 kcal mol−1) while the
entropy change is slightly lower (196 ± 10 cal mol−1 deg−1).
The MST1 inhibitory domain has a very small ΔHcal (8 kcal

mol−1) which corresponds to less than a quarter of ΔHcal of the
SARAH domain (36 kcal mol−1), although the molecular
weight of MST1 inhibitory (11.84 kDa) is almost twice as large
as that of the SARAH domain (6.7 kDa). The sum of ΔHcals of
the inhibitory and SARAH domains as single recombinant
domains (42 kcal mol−1) is only slightly smaller than the overall
ΔHcal of MST1 inhibitory-SARAH (46 kcal mol−1). MST1
Inhibitory has a melting temperature (Tm) of only 42 °C, a
value which is 20 °C smaller than that of the SARAH domain.
The second scan indicates that the unfolding of the MST1
inhibitory domain is irreversible (Figure 4, thin dotted line).
The first scan for MST1 inhibitory-SARAH shows two
transitions. The first transition can be attributed to the
inhibitory domain and is irreversible; the second transition
corresponds to the SARAH domain and is almost completely
reversible (Figure 4).
The dissociation of MST1 inhibitory-SARAH could not be

detected by ITC probably due to stronger interaction, even
though the protein initial concentration was varied between 5
and 500 μM and the temperature between 20 and 40 °C. A KD
of 0.1 ± 0.07 μM at 37 °C was obtained from CD dilutions
(Figure S7). This corresponds to a ΔGdiss of 10.14 ± 0.54 kcal
mol−1.

Figure 4. DSC thermograms of different MST1 constructs. MST1
inhibitory: first scan (thick dotted line), second scan (thin dotted
line); MST1-SARAH: first scan (thick dashed line), second scan (thin
dashed line); MST1 inhibitory-SARAH: first scan (thick dashed dotted
line), second scan (thin dashed dotted line).

Biochemistry Article

dx.doi.org/10.1021/bi201110h | Biochemistry 2011, 50, 10990−1100010994



Thermodynamic Stability of MST1 SARAH. As we are
interested in the stability and affinity of the MST1 SARAH
homodimer, we used the parameters obtained to calculate the
Gibbs energy of unfolding at different temperatures around Tm
(ΔGU

0 ). This was calculated from the folded and unfolded
fractions, considering a dimer−monomer two-states equili-
brium.42 Figure 5 shows the plot of ΔGU

0 for MST1 SARAH

(open symbols) as a function of temperature (ΔGU
0 at 293 K

was obtained from urea denaturation) and the fit using the
following equation:

(6)

where ΔGU1
0 is the unfolding free energy at a reference

temperature T1; the enthalpy of unfolding at T1 (ΔH1) and
ΔCp are obtained from the fit.
Moreover, a comparison between the free energy of

unfolding and the free energy of dissociation (ΔGdiss) was
performed at 37 °C in order to determine if the dissociation is
accompanied by unfolding at physiologically relevant temper-
ature.
The values calculated for different concentrations were

similar and the fit (with ΔGU1
0 = 5.37 kcal mol−1 and T1 =

333.15 K) gave similar ΔH1 and ΔCp as the ones obtained from
direct analysis of thermal denaturation: 80 ± 2 kcal mol−1 and
1.56 ± 0.2 kcal mol−1 deg−1 (at 333.15 K), respectively. This
validates the proposed model of simultaneous dissociation and
unfolding in this temperature interval. At 37 °C, a value of 9.2
kcal mol−1 is obtained. At this temperature, the corresponding
unfolding constant, KU, from the folded dimer to the unfolded
monomer is 0.3 μM. At 25 °C, on the other hand, the KU is
around 40 nM (±50%), almost 10 times less than at 37 °C. The
MST1 SARAH dimer exhibits the maximum stability (ΔGU

0 =
10.6 kcal mol−1) at around 13 °C.
Figure 5 also shows that the Gibbs energy of MST1 SARAH

within the inhibitory-SARAH construct is higher with 2 kcal
mol−1 than that of the domain in isolation. This indicates
stabilizing interactions between SARAH and inhibitory domain.
As the inhibitory domain in isolation displayed no significant

change in ellipticity, the main thermal transition was considered
as unfolding of SARAH (Figure S6a). As mentioned above, the
Tm of SARAH unfolding increases by 10 °C. The fit of Gibbs
energy (with ΔGU1

0 = 9.9 kcal mol−1 and T1 = 323.15 K)
resulted also in similar ΔH1 and ΔCp as the ones obtained from
direct analysis of MST1 inhibitory-SARAH thermal denatura-
tion: 57 kcal mol−1 and 2 kcal mol−1 deg−1, respectively (at
323.15 K).
Interestingly, at biologically relevant temperature (37 °C),

the difference between the overall stability of the SARAH dimer
(9.2 kcal mol−1, which implies unfolding and dissociation) and
its dissociation (8.62 ± 0.28 kcal mol−1, the averaged value
between CD and ITC) is only 0.58 ± 0.28 kcal mol−1. This low
difference would correspond to a low residual structure within
the monomer upon dissociation. In the case of MST1
inhibitory-SARAH, ΔGU

0 is ∼11 kcal mol−1, while the Gibbs
energy corresponding to dissociation is 10.14 ± 0.54 kcal mol−1

(KD is 0.1 ± 0.07 μM). The difference of 0.86 ± 0.54 kcal
mol−1 represents the stability of the SARAH monomer within
the inhibitory-SARAH construct after dissociation. Thus, the
inhibitory domain does not influence significantly the stability
of the SARAH domain within the monomer, but it stabilizes the
dimer mainly by stabilizing the interface.
MST1 Inhibitory Domain Is an Intrinsically Disordered

Region (IDR). It was previously shown that the inhibitory
domain of MST1 contains a low percentage of secondary
structure, and it is highly flexible.29 Here, we tried to get more
information about its structural and biophysical characteristics.
Both MST1 inhibitory and inhibitory-SARAH were found to
elute at more than double the expected molecular weight (data
not shown).
The hydrodynamic radius (RH) of MST1 inhibitory and

MST1 inhibitory-SARAH was determined by DLS and
compared with that of H-Ras, cytochrome c, and lysozyme
under physiologic and denaturating conditions (Figure S8).
Cytochrome, lysozyme, and Ras were used as references
because they are well folded, compact, and almost spherical
proteins with molecular weights (MWs) comparable to MST1
inhibitory. The results of the DLS experiments indicate that
MST1 inhibitory has an extraordinary large RH (3.08 nm).
Although Ras (18.9 kDa), lysozyme (14.3 kDa), and
cytochrome c (12.2 kDa) have larger MWs than MST1
inhibitory (11.8 kDa), they have smaller RHs under physiologic
conditions (Figure S8). In fact, the RH of MST1 inhibitory is
rather comparable with that of lysozyme and cytochrome c
under denaturating conditions (pH 2, 8 M urea). The dimeric
complex MST1 inhibitory-SARAH has an extremely large RH of
4.52 nm (corresponding to a volume 8 times larger than the
other proteins analyzed here), although its MW is only 37.5
kDa.
Cross-linking experiments using DSG or EDC show that

MST1 inhibitory does not oligomerize and that MST1
inhibitory-SARAH cross-links only as dimers (Figure S9a,c).
Interestingly, the usage of the cross-linking compound EDC
results in the formation of bands with smaller apparent MWs
than un-cross-linked monomeric MST1 inhibitory and MST1
inhibitory-SARAH (Figure S9b,d). Similar observations were
made in the case of intrinsically disordered proteins (IDPs) as a
consequence of intramolecular cross-linking due to the
conformational flexibility of the polypeptide chain.53 The
consequence of intramolecular cross-linking is that the
polypeptide chain becomes incrementally more compact and
cannot be unfolded completely by SDS. Therefore, intra-

Figure 5. MST1 thermodynamic stability profiles determined from
DSC (●) and CD (○) thermal denaturation for MST1 SARAH (△)
and MST1 inhibitory-SARAH (□). The solid line represents the fit
using eq 6 (see text).
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molecular cross-linked proteins migrate on SDS gels faster than
their un-cross-linked counterparts. In extreme cases, the scale of
intramolecular cross-linking is so large that the polypeptide
chains cannot be visualized anymore on SDS gels (Figure
S9b,d).
As shown above (Figure S6a), the CD spectrum of the

inhibitory domain shows no significant ellipticity change at 222
nm when heated, although it is important to mention that it
goes from −3.3 mdeg at 10 °C to −5.4 mdeg at 80 °C. We also
find a far-UV profile characteristic for random coil structure
with a minimum at 200 nm (data not shown).
The low unfolding enthalpy that is obtained from the DSC

thermogram (Figure 4) could represent the energetics of the
few intramolecular interactions within a single or several small
folded regions of MST1 Inhibitory. Upon heating, proteins with
hydrophobic cores tend to aggregate. The degree of
aggregation of proteins (hence their solubility) can be recorded
by measuring their optical densities (ODs) at 350 nm (turbidity
assay). The solubility of MST1 inhibitory was compared with
that of four well-folded proteins (H-Ras, ovalbumin, lysozyme,
and NORE1-C1-RBD). After being heated, the solutions of H-
Ras, ovalbumin, lysozyme, and NORE1-C1-RBD became turbid
and showed ODs of 0.28−1.51 (Figure 6). In contrast to the

other proteins, the solution with MST1 inhibitory practically
does not change its OD before (OD = 0.0067) and after (OD =
0.0148) heating to 95 °C, indicating that MST1 inhibitory does
not aggregate upon heating and thus remains well soluble.
Radivojac et al.46 classify amino acids in respect to their

abundance in ordered and disordered proteins as neutral (A
and G), order promoting (C, W, Y, I, F, V, L, H, T, and N), and
disorder promoting (D, M, K, R, S, Q, P, and E). According to
this classification, only 23.5% of the amino acids of MST1
inhibitory are order promoting, while 55% are disorder
promoting (the rest of the amino acids are neutral with respect
to folding). MST1 inhibitory has with its 71.6% (31.4% of them
are charged amino acids!) a very high content of amino acids
with a negative hydropathy index. It is important to note that
the domain is composed of 20% negatively charged residues (E
and D). Consequently, it has a very low pI (4.5) and a very high
net charge at neutral pH.

■ DISCUSSION

Self-association of MST1 and the resulting intermolecular
autophosphorylation are important for its biological activ-

ity.1,11,28,30,31 The extreme C-terminal domain, known as
SARAH domain, seems to be essential for driving homo-
oligomerization of MST1 and of related proteins. SARAH is
also important for interactions between several partners
containing this domain, leading to different responses like
apoptosis and cell growth restriction.
It was found that MST1 SARAH forms an antiparallel helical

dimer and that the dimer seems to be very stable with an
expected KD in the nanomolar range.29

Here we show that MST1 SARAH monomer is stable only in
the dimeric state and that the equilibrium homo/heterodimer
could involve a partially disordered monomeric intermediate. It
is possible that not only the high degree of reversibility but also
a residual structure within the monomer (although having low
stability) might have an important role for the chain exchange
in the equilibrium between homodimeric and heterodimeric
state. In addition, we have analyzed the biophysical features and
the contribution of the inhibitory domain to the overall SARAH
stability and affinity.
MST1 SARAH thermal unfolding was found to be

concentration dependent. This was not unexpected, as it was
found to form dimers that could dissociate during denaturation.
The increase in Tm with the concentration was the first
indication that the protein underwent dissociation during the
transition. The theoretical ΔHvH obtained from eq 2 for a
dimer−monomer equilibrium, the ΔHvH determined from
linear dependency of Tm on natural logarithm of concentration
(or ΔHconc), and the calorimetric enthalpy, ΔHcal, obtained
after normalizing the thermogram to the protein concentration
expressed as dimers were in good agreement, with a slightly
larger ΔHconc. This and the linear dependency of inverse of Tp
with the natural logarithm of the total protein concentration
indicate that the unfolding and the dissociation occur
simultaneously, a conclusion supported further by CD
measurements. The model of dimer−monomer equilibrium
finds the strongest support by our experimental data, the other
two models (trimer-to-monomer or tetramer-to-monomer
equilibrium) being disfavored, in particular as there is a large
difference in ΔHconc in comparison to the other two enthalpies.
Also, the good agreement between calculated ΔGU

0 at different
concentrations for a particular temperature in the transition
region (Figure 5) supports this model.
Different ΔHconc compared to the other two ΔH values is

expected for non-two-state equilibrium implying intermediate
states or/and characterized by incomplete dissociation, the
transition being controlled by the unfolding constant.36 This is
observed for both DSC and CD measurements, but
interestingly, the ΔHconc value from CD is very similar to
ΔHcal and with ΔHvH (calculated with eq 2) from DSC (77, 76,
and 70 kcal mol−1, respectively). The presence of two
sequential transitions could be associated with different steps
in the overall process. This could be due to two thermodynamic
domains of SARAH having different stabilities. Another
possible explanation may be related to the linear increase of
Cp with temperature in the pretransition region (Figure S1). It
is possible that this effect is due to real conformational changes
that should not be eliminated from the analysis of the
thermograms. The difference between ΔHconc and the other
ΔH values, as mentioned above, could then result from changes
in the tertiary structure in the course of this pre-transition
region that are not detected by far-UV CD (one should
consider the fact that the pre-transition was ignored when
determining ΔHcal and theoretical ΔHvH, as well as when

Figure 6. Turbidity assays for MST1 inhibitory, H-RAS (1−166),
ovalbumin, lysozyme, and NORE1-C1-RBD. The ODs (at 350 nm) of
the protein solutions were measured first at 20 °C and after being
heated to 95 °C for 10 min and cooled rapidly to 20 °C (highlighted
by a gray background).
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deconvoluting the thermograms). In fact, there are several
reports showing that different coiled coil domains undergo
several conformational changes before the main cooperative
transition: fraying of ends, coiled coil α-helix (which has a rise
of 5.15 Å/turn) to a canonical straight α-helix transition (with a
rise of 5.4 Å/turn), or repacking of coiled coil.41,44

The dissociation of MST1 SARAH probed by CD and ITC
shows some important features. The KD is in low micromolar
range (an average of 1 μM) at physiological temperature.
Probably one of the most interesting features is that there is
only a small difference (0.58 ± 0.28 kcal mol−1) between the
free energy measured by dilution experiments (ITC and CD)
and the one obtained from thermal denaturation, at
physiological temperature. This implies that the dissociation
of the dimer at 37 °C triggers also partial unfolding of the
monomer, and the folding is thus induced by association. There
are two conclusions that can be extracted from this result. On
one hand, this low difference (0.58 ± 0.28 kcal mol−1 from a
total protein stability of 9.2 kcal mol−1 at 37 °C) signifies that
the dissociation does not trigger the complete unfolding of the
domain. On the other hand, the low stability of this
intermediate state between the folded dimer and the
completely unfolded monomer would make it almost
undetectable in the denaturation transition. This is better
understood from Figure 7, where the protein concentration

dependency of the unfolded (plus dissociated) fraction
(calculated from KU at 37 °C) is compared to that of the
fraction of the dissociated protein (calculated from the averaged
KD of 1 μM at 37 °C).
As SARAH domain in isolation could behave differently with

respect to the peptide extended to the N-terminal end, the
influence of the inhibitory domain (the adjacent 100 amino
acids) was investigated. Indeed, it was noticed that SARAH
domain displays a higher thermal stability. More, the lack of
measurable signal in ITC experiments suggested that the
affinity of the longer construct is higher than that of the isolated
SARAH domain or/and that the enthalpy of dissociation/
unfolding is too low to be detected. Indeed, a 10 times lower
KD was obtained from CD dilutions. Nevertheless, the thermal
unfolding is still concentration dependent and can be fitted to a
two-state with dissociation model. As the inhibitory domain is
almost completely unfolded when the transition of SARAH
denaturation starts, we propose that the stabilization observed

is mainly due to residues of inhibitory domain contacting
SARAH.
The inhibitory domain has almost no influence on the

stability of the SARAH monomer, the difference between the
unfolding (plus dissociation) and the dissociation Gibbs energy
being still low (0.86 ± 0.54 kcal mol−1). As can been seen in
Figure 7, the fractions of folded/associated dimers have similar
trends as those of SARAH domain alone, although the
saturation is reached at lower concentration (as expected, due
to the lower KD). We suggest that the SARAH domain
undergoes at least partial unfolding even at physiologically
relevant temperatures and that the folded monomer is low
populated.
The characterization of the MST1 inhibitory domain by CD

spectroscopy, cross-linking, DLS, and turbidity assays strongly
indicates that it is an intrinsically disordered region (IDR). The
unfolding enthalpy (ΔH) of MST1 inhibitory of 8 kcal mol−1

measured by DSC (Figure 4) is, in comparison to folded
proteins, very small. Assuming an average MW of 115 Da for an
amino acid, ΔH for MST1 Inhibitory is only 0.078 kcal mol−1

residue−1. Folded proteins have roughly 12 times larger ΔH
values. For example myoglobin, lysozyme, and ubiquitin have
ΔH of 0.813, 1.028, and 0.956 kcal mol−1 residue−1,
respectively.47 Moreover, the domain is not significantly
stabilized by dimerization because ΔH of MST1 Inhibitory-
SARAH is with its 46 kcal mol−1 only slightly larger than the
sum of ΔH of MST1-SARAH and MST1 inhibitory (42 kcal
mol−1) measured separately. This means that the domain
remains disordered not only as a single domain but also as part
of the larger construct and within the dimeric complex. The
very small ΔH of MST1 inhibitory unfolding and its resistance
to heat-mediated aggregation (Figure 6) indicate that there is
no hydrophobic core with significant extension. Most of the
IDPs investigated by DSC up to now appeared to display no
cooperative transition, but either no change of the heat capacity
or a gradual transition.48−50 Nevertheless, it should be
emphasized that there are not as many DSC investigations of
IDPs as there are for folded proteins. Thus, there is not so
much knowledge about unfolding of the different types of IDPs.
Our result indicates that the inhibitory domain might contain
small local clusters of interactions.
Lack of typical absorption bands of secondary structural

elements and no cooperative unfolding transition upon increase
of temperature in the CD spectra (Figure S6a) indicate that
MST1 Inhibitory contains a low percentage of secondary
structural elements. Interestingly, one can observe a slight
increase (and not a decrease, as in the case of typical unfolding)
in the absolute value at 222 nm. More, one would expect that
the unfolding seen in the DSC thermogram would have a
correspondence in the far-UV CD. This discrepancy is
discussed in the following paragraph.
The inhibitory domain was previously shown to contain 20%

α-helix and 3% β-sheet.29 Still, this percentage does not apply
to single molecules, as the far-UV CD spectrum provides
information about the ensemble of conformations.51 The
proteins do not adopt a defined structure, and secondary
structure elements can form transiently. Nevertheless, consid-
ering that this percentage is real, we should indeed be able to
follow the unfolding at 222 nm. The fact that we do not
observe this seems to have a reasonable explanation. The
denaturation of IDPs should be treated in a different manner
than the one of the folded proteins. Temperature-induced
structural changes were investigated by far-UV CD for many

Figure 7. Fraction of folded-associated protein (● and▲, measured
from thermal denaturation) and associated protein (○ and △,
measured from dilution experiments) for MST1 SARAH (▲ and△)
and MST1 inhibitory-SARAH (● and ○).
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IDPs, and in most of the cases, no classical unfolding trend of
the secondary elements was observed (refs 50 and 51 and
references therein). On the contrary, the change of spectra was
in the opposite direction, a gain in negative ellipticity around
222 nm and a loss of negative ellipticity at 200 nm. This was
interpreted as formation of α-helices and to a minor extent as a
loss of the polyproline II (PPII) structure. The difficulty in
interpreting the changes observed by CD comes from the fact
that the spectroscopic contributions coming from structural
changes in different fragments can cancel each other’s signal
changes. Recently, it was proposed that the effect observed by
CD in case of IDPs comes from the unfolding of the PPII
helices, as the NMR chemical shifts showed loss in the α-helical
content.52 More, Uversky53 has established two categories of
the IDPs, i.e., coil-like (having ∼30% PPII) and premolten
globule (PMG)-like (with ∼10% PPII) based on the different
molar ellipticities at 200 and 222 nm and on the correlation
between the hydrodynamic volume and the number of residues.
Based on our data, the inhibitory domain of MST1 would fall

closer to the coil-like type, although the hydrodynamic volume
is only 5−6 times larger (and not 12, as proposed in case of
coil-like unstructured proteins; see ref 53) than the one
corresponding to a compact folded protein with same MW.
This result indicates that the inhibitory domain is disordered
but not completely unstructured. Our CD measurements also
indicate a slight gain in ellipticity at 222 nm and a loss at 200
nm (data not shown) at high temperatures, typical to the ones
seen before. Taking into consideration the previous observa-
tions, we suggest that the unfolding of α-helices is masked by
the loss of the PPII content which has an opposite effect. Thus,
the far-UV CD reports on the unfolding of the local secondary
structure of the domain, but there is an overlap between α-helix
melting and PPII unfolding, having opposite effects on the CD
spectrum. It remains to be established how these conforma-
tional changes correlate with the transition observed with DSC.
It is possible that this domain behaves as an atypical IDP.
The low hydrophobicity and the high net charge of MST1

inhibitory implicate the existence of a relatively large hydration
shell and explain, along with the structural flexibility, its
extraordinary large volume. Flexible protein segments are
sterically better accessible for proteases and are proteolyzed
more efficiently than folded ones.54 Additionally, a computer-
based analysis of 280 caspase substrates revealed that 78% of
caspase cleavage sites are located within random coils.55

Moreover, the majority of caspase cleavage sites are found in
the close vicinity of so-called PEST-rich protein regions, which
are reported to be unstructured.56 PEST-rich regions contain a
disproportionately high number of P, E/D, S, T, N, and Q
residues, and MST1 inhibitory is composed of 48% of these
residues. Taking into consideration that there are two caspase
recognition motives within the inhibitory domain (DEMD326S
and TMTD349S) and that the full activation of MST1 during
apoptosis requires a caspase-mediated removal of the kinase
domain from the rest of the protein,57 the lack of folding may
be important for the efficient proteolysis of MST1 by caspases.
In conclusion, we have shown that the dimerization domain

of MST1 kinase is partially unstructured in the monomeric
state and that it undergoes association-induced folding. Many
coiled coils peptides follow this mechanism of interaction, but
this is not a general rule.58 Coupling of folding and binding is
often encountered in biological processes, especially in signal
transduction, cell cycle control, and transcription.59−61 It has an
important role in regulation of the binding thermodynam-

ics62,63 and the rates of macromolecular associations.64 We also
show that the inhibitory domain is an intrinsically disordered
region (IDR) both as a single domain and in the inhibitory-
SARAH construct, with implications in caspase cleavage and
kinase autophosphorylation. We propose that MST1 SARAH
monomer also behaves as a partially disordered region upon
dimer dissociation. Intrinsic disorder was found to occur very
often in the case of proteins binding to more than one target
(extensive protein interaction networks), called hub proteins.65

Thus, the structural plasticity facilitates the protein to adopt
different conformations, depending on the binding partner. As
the SARAH domain is responsible for homodimerization but
also for heterointeractions with other proteins (such as the
Rassf proteins), it becomes clear the necessity for dissociation-
induced unfolding when switching from one complex to
another. The high degree of reversibility, but also a residual
secondary structure within the monomer (having a stability of
0.86 ± 0.54 kcal mol−1) that would be stabilized in the bound
state (inherent-structure mechanism65−69), could increase the
association rates, reduce the entropic penalty, and increase the
overall affinity. Further investigation of the transition between
the homodimer and the complexes with other binding partners
will bring important insights into the mechanism of Ras-
mediated apoptosis.
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