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A Stabilizing o/f3-Hydrophobic Core Greatly Contributes to Hyperthermostability of
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ABSTRACT: The hyperthermophilic Ssh10b from Sulfolobus shibatae is a member of the Sac10b family,
which has been postulated to play a role in chromosomal organization in Archaea. Ssh10b is capable of
significantly constraining negative DNA supercoils at elevated temperatures. In this study, the solution
structure of the dimeric P62A mutant Ssh10b ([P62A]Ssh10b) was determined by multidimensional NMR
spectroscopy. The backbone "N dynamics, H/D exchange with and without the denaturant GdAmSCN,
and chemical and thermal denaturation experiments were performed to investigate the molecular basis of
high thermostability of [P62A]Ssh10b. Data analysis has revealed an a/5-hydrophobic core consisting of
two o-helices and one [3-sheet which are stabilized by cooperative hydrophobic and hydrogen-bonding
interactions. This stabilizing a/#-hydrophobic core of [P62A]Ssh10b exhibiting highly restricted internal
motions is composed of residues having highly protected amide protons which exchange with solvent
mostly by means of a global unfolding process. The K40N mutation greatly destabilizes the mutant
[P62A]Ssh10b because this mutation disturbs the packing of a-helix against the S-sheet reducing the
stability of the o/f-hydrophobic core in the mutant protein. In comparison with homologous mesophilic
and thermophilic proteins, it can be presumed that the stabilizing o/f-hydrophobic core in the [P62A]Ssh10b

structure greatly contributes to the high thermostability of the protein.

Proteins having molecular mass of 7, 8, and 10 kDa have
been extracted from the thermoacidophilic archaebacterium
Sulfolobus acidocaldarius grown at 75—80 °C and pH
4.5—4.8. Sac10b is the second most abundant protein in S.
acidocaldarius (I). The members of Sac10b family, postu-
lated as chromosomal DNA binding proteins, are highly
conserved among most archaeal and eukaryal proteins having
homologous sequences identified from higher plants, protists,
and vertebrates (2, 3). Ssh10b and Sso10b are the members
of the SaclOb family. Ssh10b has been isolated from
Sulfolobus shibatae and Ssol0b having identical sequence
to Ssh10b with the exception of amino acids 1—3 has been
isolated from Sulfolobus solfataricus (2, 4). SsolOb was
found to exist predominantly in an acetylated form in vivo
and in deacetylated form after incubation with Sir2 in the
presence of NAD™, regulating the DNA binding affinity (2, 5, 6).
More recently, the crystal structures of Ssol0b (also named
Alba) have been published (7), which show structural
homology with the C-terminal domain of the Escherichia
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coli translation factor IF3 and the N-terminal DNA-binding
domain of DNase I. Ssh10b, a protein thermally stable
up to 402 K (8), binds DNA without apparent sequence
specificity, and is capable of significantly constraining
negative DNA supercoils at elevated temperatures (4). The
previous NMR studies (9, 10) have revealed that two forms
of Ssh10b homodimer coexisted in solution, and the slow
cis—trans isomerization of the L61—P62 peptide bond is
responsible for the conformational heterogeneity of the
Ssh10b homodimer. The P62A mutant Ssh10b ([P62A]-
Ssh10b) adopted only the trans-form homodimer. Similar
to Ssh10b, [P62A]Ssh10b is a highly thermostable protein
and shows the same features upon interaction with DNA
at high temperatures (/0). However, what leads to the high
thermostability of these proteins has not been deciphered
clearly.

The present study is aimed at understanding the molecular
origin of the extreme thermostability of [P62A]Ssh10b in
structure term. For this purpose, the solution structure of
[P62A]Ssh10b was determined by multidimensional NMR
spectroscopy. The NMR experiments including amide hy-
drogen exchange with and without the denaturant GdmSCN
and backbone PN relaxation as well as chemical and thermal
denaturation experiments were adopted in this study. On the
basis of the solution structure of [P62A]Ssh10b dimer and
homologue sequences comparison, the molecular basis of
the high thermostability of [P62A]Ssh10b is discussed.
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A Stabilizing o/f-Hydrophobic Core in [P62A]Ssh10b
MATERIALS AND METHODS

Sample Preparation. The expression and purification of
5N and "3C single and double labeled [P62A]Ssh10b have
been reported previously (/0). The K40N mutant [P62A]-
Ssh10b ([K40N/P62A]Ssh10b) was obtained using the same
protocol. The purity of the proteins was checked by SDS-
PAGE to be a single band and by agarose gel electrophoresis
to be free of nucleic acid contaminants.

Samples used for NMR experiments were as follows: 1
mM BN-labeled [P62A]Ssh10b in 90% H,O/10% D,O
containing 20 mM acetate buffer, 20 mM KCI, and 50 uM
NaN3; 1 mM BC-labeled [P62A]Ssh10b in 99.996% D,O
containing 20 mM acetate buffer, 20 mM KCI, and 50 uM
NaN3; 1 mM BN and BC double labeled [P62A]Ssh10b in
90% H,0/10% D,O containing 20 mM acetate buffer, 20
mM KCI, and 50 uM NaNjs. The pH of all NMR samples
was about 4.8.

For hydrogen exchange measurement in D,0, the freshly
prepared 1 mM "SN-labeled [P62A]Ssh10b was lyophilized
to dryness and redissolved in 100% D,O immediately prior
to NMR experiments at 310 K. For hydrogen exchange
measurement in the presence of GAmSCN, the deuterated
GdmSCN was prepared by lyophilizing three times of
GdmSCN predissolved in 100% D,0. The refractive index
measurement was used to determine the concentration of
deuterated GAmMSCN (71). The freshly prepared '"N-labeled
[P62A]Ssh10b was dissolved in 100% DO solution contain-
ing deuterated GAmSCN of various concentrations.

NMR Spectroscopy. All NMR experiments were performed
at 310 K on a Bruker DMX 600 NMR spectrometer equipped
with a triple resonance cryo-probe. The 3D 'H—""N-"13C
HNCO, HNCA, HN(CA)CO, HNCACB, CBCA(CO)NH,
C(CO)NH, HBHANH, and HBHA(CO)NH spectra, and 3D
"H—"3C HCCH-TOCSY and HCCH-COSY spectra (12) were
recorded for backbone and side chain resonance assignments.
The 3D '"H—'"N HNHA experiment (/3) was carried out for
measurements of the Jynmpe coupling constant. The 3D
"H—"N NOESY-HSQC and 'H—"*C NOESY-HMQC ex-
periments (z, = 80 ms) were used for obtaining the NOE
distance restraints. A modified four-dimensional experiment
'H,"*C-HMQC-'H,'H-NOESY-'H,"’N-HSQC experiment was
performed with the PN/'3C-asymmetrically labeled protein
for determining residues involved in the dimer interface. The
slowly H/D exchange experiments were performed for
estimation of hydrogen bond restraints.

The measurements of >N 7} and 7> and 'H—""N NOE
relaxation parameters were performed for [P62A]Ssh10b and
[K40N/P62A]Ssh10b at 310 K using the standard methods
(14). For >N T| measurements, the delay times were set to
24, 124, 142, 282, 382, 522, 822, 1202, and 1602 ms,
whereas for 7> measurements, the relaxation delays were 17,
34, 254, 33.9, 50.9, 67.8, 84.8, 101.8, 118.7, 135.7, and
152.6 ms. In the 2D '"H—'5N NOE experiments, a delay of
4 s was followed by 'H saturation for 6 s, whereas the
saturation period was replaced by a delay of equivalent
duration in the control experiment. Two experiments were
run in an interleaved manner. For amide proton H/D
exchange measurements, a series of 2D 'H—""N HSQC
spectra for [P62A]Ssh10b in the absence and presence of
deuterated GdAmSCN were recorded at 310 K. The H/D
exchange measurements for samples without GdmSCN were
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carried out over a 14 days period which was divided into
subseries with time regions of 2.5 days and 2.5—14 days.
The spectra recorded over a 2.5 day period were successively
obtained after every 12 min, those over 2.5—14 day period
were obtained at different time intervals from starting times
of the measurement. Each 2D spectrum required 1000 s to
complete. The '"H—""N resonance signals for samples with
deuterated GAmSCN were detected as a function of time as
they decayed to values beyond detection.

The NMR data were processed and analyzed with FELIX
98 software (Accelrys Inc.). '"H chemical shifts were
referenced to internal DSS. "N and '3C chemical shifts were
obtained indirectly (/5).

Structure Calculations. The NOEs used in the structure
calculation were identified in a manner combining manual
and semiautomatic assignments using in-house macros
together with ARIA1.2 (/15—17). Initially, 1151 unambiguous
NOE:s were assigned, and remaining unassigned NOEs were
treated as ADRs (ambiguous distance restraints). These NOE
restraints with 53 dihedral and 26 hydrogen bond restraints
were used as input for ARIA iterative calculation of
monomer structures (/6—18). In each of the 8 iterations, 50
structures were calculated, 10 structures with low energies
were kept and used as the template structures for next
iteration, and the 7 best structures were used for violation
analysis. For docking the two monomer structures into a
dimer structure, the determined intermolecular NOEs were
applied and the intermolecular NOE assignments made by
ARIA calculation were used for iterative calculation while
keeping the dihedral and hydrogen bond restraints. The
potential intermolecular NOEs across the dimer interface as
ambiguous distance restraints were applied to the symmetry
ADR protocols in ARIA calculation (/9). Over 2228
unambiguous and 533 ambiguous including 55 intermolecular
nonredundant NOE distance restraints were obtained and
used for final structure calculations. The stereospecific
assignments for prochiral groups were made using a floating
chirality approach (20). A family of 150 structures was
calculated using a simulated annealing protocol and 20
structures with low energies were selected for further
refinement using the force field for electrostatic and van der
Waal’s interactions (27). Quality of the 20 NMR-derived
structures was evaluated using the program PROCHECK
(22).

Analysis of >N Relaxation Data. The relaxation rate
constants R; and R, and 'H—'N NOE values were deter-
mined according the procedures as described (23). An initial
estimate of the magnitude and orientation of the rotational
diffusion tensor was obtained from the R./R; ratios using
the program TENSOR?2.0 (24) following the fitting protocol
described by Pawley et al. (25). The resulting diffusion
parameters and the R, R,, and NOE relaxation data were
then used as the input for model-free analysis. The accurately
extracted global tumbling parameters and the R;, R,, and
NOE relaxation data were then used as the input for model-
free analysis (/4) to optimize the overall rotational diffusion
model and the internal motional parameters for each spin.
Five model-free parameter sets were iteratively tested and
selected. The detailed fitting procedure was as described
previously (23).

Analysis of Hydrogen Exchange Data. The intensities of
the cross peaks in each 2D "H—'N HSQC spectrum were
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obtained to determine the H/D exchange rates. Rate constant
(kovs) of H/D exchange was calculated from a two-parameter
nonlinear least-squares fit of the exponential decay curve to
the equation (26)

I=1Iexp(—kg 1)+ C )

where [ represents the intensity of 'H—'SN cross peaks in
each 2D "H—""N HSQC spectrum normalized to an external
reference of N-t-BOC-glycine-U-"3C,-N (C I L, Inc.), which
was contained in a capillary inside the NMR tube. [, is
amplitude of the exchange decay curve. kg is the measured
exchange rate. C is a constant.

As is well-known, under native conditions (kg > kop),
proton exchange can occur by EX1 (kin: > k) and EX2 (kg
> kin) mechanisms. Here, the kop, ko, and kin denote the
opening, closing, and intrinsic rates of exchange, respectively.
For proton exchange in a stable folded protein, the EX2 limit
is almost always observed in the pH 4—7 (27), because
formation of hydrogen-bonded structure is usually much
faster than intrinsic exchange in proteins. The H/D exchange
in [P62A]Ssh10b without denaturant at pH 4.8 is intrinsically
slow for most of residues (see below), thus it is reasonable
that the H/D exchange in [P62A]Ssh10b occurs by an EX2
mechanism. For [P62A]Ssh10b with denaturant GAmSCN,
the highest concentration of GdmSCN used in the H/D
exchange measurement is 2.0 M. Since the denaturant-
induced unfolding process of [P62A]Ssh10b is started at
about 1.5 M GdmSCN and the denaturant concentration at
the midpoint of the transition is about 2.2 M (see the
Supporting Information), the assumption that the H/D
exchange in the presence of GAmSCN occurs by an EX2
mechanism is made for evaluating the changes in Gibbs free
energy for opening hydrogen bonds (AGux) which was
calculated from equation

AGyx=—RT In(K,,) )

where R is the gas constant, 7 is the absolute temperature,
and Ko, = kobs/kex. The intrinsic exchange rate ki, was from
model peptides (26). Protection factor can be derived from
the exchange rate constant kg, by the standard relation: P
= kinlkobs (26, 28). Both local fluctuations and global
unfolding for opening reactions have be considered in the
analysis of the denaturant dependence of the AGux data as
described in the literature (27, 29—31).

RESULTS

Solution Structure of [P62A]Ssh10b. Backbone and side-
chain resonance assignments for [P62A]Ssh10b having 97
residues were obtained using standard triple-resonance
experiments. The NMR-derived NOE distance restraints and
dihedral angle and hydrogen bond information were used to
calculate an ensemble structures. A superposition of the 20
lowest-energy structures of [P62A]Ssh10b is shown in Figure
1A. The structural statistics of the [P62A]Ssh10b ensemble
are summarized in Table 1. The overall solution structure
of [P62A]Ssh10b appears as a dimer that is almost identical
to the X-ray structure of Alba except the loop regions (7)
(see the Supporting Information, Figure 1).

[P62A]Ssh10b monomer consists of two a-helices (o:
19—31 and ,:45—58) and one f-sheet as well as loops
linking these secondary structural elements. The -sheet is
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FIGURE 1: NMR-derived structure of [P62A]Ssh10b. (A) Stereoview
of the 20 solution structures of [P62A]Ssh10b dimer. Side-chains
of residues forming the hydrophobic cluster (red) in the dimer
interface are shown. (B) Stereoview of the ribbon representation
of [P62A]Ssh10b monomer, showing the packing of hydrophobic
side-chains in the a/f-hydrophobic core and the ion-pair networks
formed by polar residues in the f3-sheet. The regular secondary
structural elements are indicated. (C) The hydrogen bonds between
residues in the loops and secondary structural elements. The oxygen
and amide proton atoms are colored by red and green, respectively.
Only the accepter residues are indicated in each pair of hydrogen
bonds.

constructed by four fS-strands (5,:10—13, [(,:36—42, fs:
66—73, and (34:89—95). The strand f3; is parallel to strand
p2, and strands [3, and 35 are antiparallel to strand f34. Side-
chains of the vast majority of hydrophobic residues in the
p-sheet face to one side (hydrophobic side), and those of all
hydrophilic residues face to solvent. Helices o, and o are
packed against the 3-sheet on the hydrophobic side of the
sheet. Residues V19, Y22, V23, A25, A26, L27, L29, and
L30 in the helix o, residues A45, A49, V53, 155, and V56
in the helix o, and residues V12, 137, 139, A41, 192, and
194 in the f-sheet construct a hydrophobic core (a/f3-
hydrophobic core) (Figure 1B). Segment S74—S88 connect-
ing strands f3; and f3; represents an extended [5-hairpin loop
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Table 1: Structural Statistics for the Family of 20 Structures of
[P62A]Ssh10b

rmsd from Idealized Covalent Geometry

bonds (A) 0.0092 =+ 0.0003
angles (deg) 1.07 £ 0.027
ompropers 0.98 £ 0.05

rmsd from Experimental Restraints

unambiguous distance restraints A) 0.063 £0.016

ambiguous distance restraints (A) 0.021 £ 0.003
all distance restraipts A) 0.057 £0.014
hydrogen bonds (A) 0.014 £ 0.004
dihedral restraints (deg) 0.15+0.10
Ramachandran Analysis (%)
residues in most favorable regions 86.6
residues in additionally allowed regions 12.0
residues in generously allowed regions 1.4
residues in disallowed regions 0
Rmsd to Mean Structure

backbone of secondary structure 0.50 £ 0.08
heavy atoms of secondary structure 0.92 £0.10

(Lp3ps) consisting of two antiparallel segments S74—S79 and
R83-S88 and a regular fS-turn (7;) of residues Q80-R83.
Residues G43 and R44 form a hinge linking strand S, and
helix o, (Lg2a2). Loops Lgiqr (I14—P18), Ly (Q32-S35),
and Laogs (R59-165) link the corresponding secondary
structural elements in the monomer. As can be seen in Figure
1B, the monomer structure consists of two structural regions:
one is a main body structural region including four 3-strands
and two o-helices as well as loops Lgiai, Laig, Lgoae, and
Loops; the other is an extended (-hairpin loop Lgsga.

The salt-bridges in [P62A]Ssh10b were identified using
distance cutoffs of 4 and 6 A. In the three antiparallel
[-strands, residues K40—E91—R71 form a cross-strand ion-
pair network and residue R71 in turn is salt-linked with E69
in the strand 3;. Because of a 3-bulge in the strand /53 around
residue K68, a cross-strand ion-pair network is formed
between residues K6§—E36—R95—E66 (Figure 1B). A salt-
bridge E54—R57 is formed in the helix o..

In [P62A]Ssh10b dimer, residues 146, S47, V50, E54, R57,
and N58 of helix ay; 167, 170, V72, and G73 of strand f33;
190 and 192 of strand S,; and S74, R86, and S88 of S-hairpin
loop are involved in the dimer interface. A cluster of
hydrophobic residues 146, V50, 167, 170, V72, and 190 is at
the middle of the dimer interface (Figure 1A).

Hydrogen Exchange in the Absence and Presence of
GdmSCN. The stability of [P62A]Ssh10b to breaking of
hydrogen bond was probed by H/D exchange in the absence
and presence of a very strong denaturant GAmSCN (32). A
series of 2D 'H—'N HSQC spectra were recorded for
[P62A]Ssh10b at 310 K in the presence of 0—2.0 M
concentrations of GdmSCN. Compared to the assignment
of amide proton ('Hy) resonances in the spectrum of
[P62A]Ssh10b (/0), assignment of resonance signals in the
2D 'H—'5N HSQC spectra of [P62A]Ssh10b in GdmSCN
was straightforward because of the gradual shift of the signals
with increasing GAmSCN concentration from 0 to 2.0 M.

The 2D 'H—""N HSQC spectrum of [P62A]Ssh10b in H,O
shows cross peaks for 91 residues (see the Supporting
Information, Figure 2A), because there are three prolines (P6,
P8, and P18) in the protein and cross peaks for residues
M1—S3 are missing. The 2D 'H—""N HSQC spectrum of
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freshly dissolved [P62A]Ssh10b in D,O provided cross peaks
for 54 amide groups (60% of the 91 residues) which can be
used as site-specific probes in the H/D exchange measure-
ments (see the Supporting Information, Figure 2B). 'Hy of
37 residues exchanged too rapidly to record in the first
spectrum of measurements. Segment of the first nine residues
is disordered, and no protection is imposed on 'Hy of residues
G4-T5, T7, S9—NI10 to prevent solvent exchange. 'Hy of
residues K16—K17, Q32—S35, R44, F60-D63, 165, S74,
V76, and T78—R86 in loops have no protection from solvent
exchange. 'Hy of E36 from strand f3, and 167, 170, and V72
from strand S; are not involved in cross-strand hydrogen
bonds. Residues V19—N21, A45, and S47 are in the
N-terminal regions of helices a; and o,, which are not
involved in "Hx;—O;4 hydrogen bonds in helix. Hydrogen
exchange profiles for the 54 protected amide groups are
provided in Figure 2A—C. Twenty-two of the 54 amide
groups provided the profiles represented by almost flat lines.
Five of the 54 amide groups showed very slightly decayed
curves. The resonance signals of these 27 amide groups
remained in the 2D HSQC spectrum acquired after 60 h of
dissolving the protein in D,O (see the Supporting Informa-
tion, Figure 2C), and more than 90% of the initial intensity
remained even after 115 h (see the Supporting Information,
panels D and E in Figure 2). These 27 amide protons are
named nonexchangeable amide protons in [P62A]Ssh10b.
Their protection factors are unable to calculate. On the other
hand, the other 27 of 54 amide groups showed a decrease to
zero in peak intensity after 60 h, for which the protection
factors were obtained under native conditions (Figure 2D).

The amide protons of 54 residues can be classified into
three groups according to their relative protection factors.
Group 1 includes all the nonexchangeable amide protons
which are 22 amide protons persisted in D,O over 300 h
and amide protons showing a slightly linear decreasing of
intensity: 'Hy of V12, L24, 137, A49, and T89 in the
p-strands and a-helices (Figure 2A, D, and E). The 22
persisted amide protons are 'Hy of V23, A26—L27, and
L29—L30 in the helix a;; V50—V56 in the helix o;
V38—A41 in the strand S; and 190—R95 in the strand .
"Hy of 190—R95 in the strand f4 are hydrogen bonded to
strands 33 and /3, on both sides, in turn 'Hy of 139 and A41
and 'Hy of V38 and K40 in the strand f, are hydrogen
bonded to the strands /3, and f3;, respectively. In this case,
the protection factors can be only arbitrary estimating to be
higher than 2.0 x 10° Group 2 includes amide protons of
114, Y22, A25, T28, N31, G43, 146, K48, R57, N58, E66,
R71, G73, Q75, V77, V87, and K96 giving exponential
exchange profiles (Figure 2B—E). The protection factors for
these amide protons are in the range of 1.6 x 10* to 2.0 x
10°. The amide protons of T28, R57, E66, and R71 in this
group participate in the hydrogen bonds in regular secondary
structures. Most of the rest residues in this group are located
in the joining regions between loops and regular secondary
structures. Among them '"Hy of Q75, V77, and V87 (Figure
2C—E) may form hydrogen bonds between the antiparallel
segments of the extended S-hairpin loop. Group 3 comprises
weakly protected amide protons: 'Hy of L13, G15, R42, K64,
K68, E69, S88, and K97, which exhibit very fast solvent
exchange with protection factors in the range of 120 to 6.0
x 10° (Figure 2C—E). The 'Hy of these residues may
participate in very weak hydrogen bonds, and most of these
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FIGURE 2: Hydrogen exchange results of [P62A]Ssh10b under native
conditions (0 M GdmSCN). (A) Hydrogen exchange profiles for
highly protected amide protons of representative residues in group
1. (B) Hydrogen exchange profiles of residues in groups 2 and 3.
(C) Hydrogen exchange profiles of residues in loops. Continuous
lines show the best fits to a single-exponential function. (D)
Protection factors plotted against residue number. The protection
factors of the strongly protected amide protons in group 1 are unable
to calculate, and therefore indicated by full scale of In(P) (arbitrarily
set to 15 based on the highest calculated value of ~12.5 for residues
in the other groups) red and green bars: red bars, amide protons
persisted in D,O; green bars, five amide protons exhibiting very
slowly solvent exchange (the estimated protection factor to be >2.0
x 100). The black bars indicate the protection factors for other
residues showing exponential exchange profiles. (E) Mapping the
residues on the monomer structure, amide protons of which are
grouped by three types of opening reactions. The backbone is
colored by red, green, and blue for group 1, 2, and 3, respectively.

residues are located in loops Lgia1, Lgaeo, and Leogs. K68
and E69 are two residues at the S-bulge in the strand Ss.
The relatively weak protection for 'Hy of residues E66, R71,
and G73 in the strand f3; is probably due to the [-bulge
around residue K68.

The above-mentioned 54 amide protons can be subjected
to detect the GAmSCN concentration ([GdmSCN]) depen-
dence of H/D exchange. Figure 3 shows the obtained free
energy of hydrogen exchange (AGux) as a function of
[GdmSCN]. For 'Hy of the residues in group 1, a significant
linear decrease of AGux with increasing of [GdmSCN] was
obtained at [GAmSCN] = 1.4 M (Figures 3A and 2E). The
dominant contributions to solvent exchange of these residues
are from global unfolding reactions, since expose a large
amount of new surface to denaturant will be promoted with
increasing concentration of denaturant under this mechanism
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FIGURE 3: Free energy of hydrogen exchange (AGyx) as a function
of [GAmSCN] for 17 representative residues of [P62A]Ssh10b. (A)
Amide protons having protection factors >2.0 x 10° show the
strong dependence on denaturant at higher [GdAmSCN]. (B) Amide
protons having protection factors range from 1.6 x 10* to 2.0 x
10° show weak dependence on denaturant at low [GdmSCN] and
strong dependence at high [GAmSCN]. (C) Amide protons having
protection factors in the range of 120 to 6.0 x 103 showing weak
dependence on GdmSCN concentrations.

(29). AGux for residues in group 2 is initially invariant at
low [GdmSCN] and increases at high [GdAmSCN] (Figures
3B and 2E). In this case, AGux is modeled to contain
contributions from mixed exchange mechanism. At low
[GAmSCN], the exchange is primarily associated with local
fluctuations, while at higher [GdmSCN], the dependence of
exchange on denaturant increases dramatically, indicating a
“global” opening reaction. The solvent exchange for residues
in group 3 is dominated by local fluctuations, showing a
slightly linear decrease in AGux with increasing GdmSCN
over the whole range of denaturant concentrations (Figures
3C and 2E), because the localized noncooperative opening
reaction will show little dependence on denaturant concentra-
tion (29). Therefore, three types of opening reactions can
be characterized by the obtained [GdAmSCN] dependence of
AGhux, which contributes to solvent exchange of 54 residues.
The first involves cooperative unfolding reactions (global
unfolding reaction) at higher [GAmSCN], contributing to H/D
exchange of 50% of 54 residues. The second involves local
fluctuations at low [GdmSCN] and partial or complete
unfolding reactions at higher [GAmSCN] (solvent exchange
through combination of local structure fluctuations and global
unfolding process, we simply call it as combined unfolding
process hereafter), contributing to H/D exchange of 31.5%
of 54 residues. The third involves solvent exchange through
local fluctuations over the whole range of [GdmSCN], which
can be identified only for 18.5% of 54 residues.

The AGy,ux(H,0) representing the free energy for opening
hydrogen bonds through the unfolding reactions and myx
parameters were obtained by the nonlinear least-squares
fitting of the AGux derived from amide H/D exchange
measurements (26—29). Figure 4 shows that residues in the
two a-helices and four pJ-strands have the higher
AG,,ux(H,0) and myyx values than the residues in the other
structural regions of the protein. Moreover, residues in group
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FIGURE 4: Sequence dependence of thermodynamic parameters
estimated from H/D exchange. (A) AG,ux(H,O) and (B) mpx
values obtained from nonlinear least-squares fits of the GAmSCN
concentration dependence of AGyx. Color code: red bars, amide
protons that exchange through global unfolding at [GdAmSCN] >
1.4 M; green bars, amide protons that exchange through combina-
tion of local structure fluctuations and global unfolding; blue bars,
amide protons that exchange through local fluctuation. Doted
horizontal lines depict AG,(H,O) and m-value for [P62A]Ssh10b
estimated from equilibrium unfolding experiments.

1 have the highest AG,,ux(H>O) and myx values, which are
about 18.1 kcal/mol and 7.1 kcal mol~! M™!, respectively.
On the other hand, the fluorescence measurements provided
the AG,(H,0) value of ~22.2 kcal/mol and the magnitude
of the slope about 7.5 kcal mol™! M™! (see the Supporting
Information, Figure 3A). Actually, the H/D exchange for a
protein with stability of AG,(H,O) = 22.2 kcal/mol should
take a very long time to observe decay of peak intensities,
and the decay of such peak intensities is expected to be
essentially a flat line. This was indeed observed for residues
in group 1, indicating the consistent with the value 22.2 kcal/
mol. However, the lower AG,,ux(H,O) value of 18.1 kcal/
mol was obtained for residues in group 1. Such a discrepancy
between AG,,ux(H,0) and AG,(H,0) has been also observed
in other proteins, and was proposed that AGyx, measured at
mild conditions, would appear lower than AG,(H,0), mea-
sured under more severe conditions through the transition
region (27). The H/D exchange measurement in the presence
of GdmSCN in this study was not under conditions through
the transition region of unfolding. The above analysis
suggests that packing of two a-helices and four S-strands in
the main body structural region constructs a highly stable
o/f-hydrophobic core in the [P62A]Ssh10b monomer in
terms of the localized hydrogen-bond breaking motions
(Figure 2E).

Backbone Dynamics of [P62A]Ssh10b and [K40N/
P62A]Ssh10b. The relaxation parameters R, R, and 'H—""N
NOE, were measured for both [P62A]Ssh10b and [K40N/
P62A]Ssh10b (Figure 5) for investigating the differences in
internal motions between two proteins having different
thermal stability. Substitution of K40 with N40 caused a
decrease in thermostability of [K40N/P62A]Ssh10b. The
AG,(H,O) and melting temperature 7, of [K40N/
P62A]Ssh10b decreased 3.1 kcal/mol and 20 °C, respectively
compared to those of [P62A]Ssh10b (see the Supporting
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Information, Figure 4 and Table 1). However, the 2D 'H—'"N
HSQC spectrum of [K40N/P62A]Ssh10b is very similar to
the spectrum of [P62A]Ssh10b (see the Supporting Informa-
tion, Figure 5A), and the significant shift of the cross peaks
can be observed only for residues involving in the ion pair
network K40—E91—R71—E69 and in region around residue
114 which is hydrogen bonded to K40 (see the Supporting
Information, Figure 5B). Thus, K40N mutation destabilizes
significantly the mutant protein while the nativelike structure
remains. The destabilized [K40N/P62A]Ssh10b is predomi-
nantly in the folded state under the NMR experimental
condition.

Figure 5 shows the 'H—'N NOE data for both the
[P62A]Ssh10b and [K40N/P62A]Ssh10b, which reflect pri-
marily high-frequency (ps—ns time scale) local backbone
motions of the proteins. [K40N/P62A]Ssh10b provides very
similar but somewhat smaller 'H—'N NOE values compared
to [P62A]Ssh10b. The N- and C-terminal residues G4—N10
and K97, respectively, and residues V77—R86 in loop Lgsps
showed reduced '"H—""N NOE values (<0.6), characterizing
the backbone flexibility of these residues on ps—ns time
scale. Great majority residues in loop Lyogs and residues G33
and S35 in loop Laip have 'H—N NOE values >0.6,
showing restricted local motions of these regions. The
residues in ordinary secondary structural elements (except
residue E69 in strand f33) and loop Lgia1 and hinge Lggo
have higher 'H—""N NOE values (>0.7), reflecting the highly
restricted ps—ns motions of these regions. The overall R,
and R, values of [P62A]Ssh10b are remarkably smaller and
larger, respectively, than those of [K40N/P62A]Ssh10b. The
R, values of residues in secondary structural regions of
[K40N/P62A]Ssh10b decrease ~1.2-fold compared to those
of [P62A]Ssh10b. The average R»/R, ratio is 16.9 + 1.2
(calculated for 48 residues) for [P62A]Ssh10b and 14.2 +
1.0 (calculated for 54 residues) for [K40N/P62A]Ssh10b
(Figure 5 and the Supporting Information, Table 2). Appar-
ently, the relaxation parameters reveal relatively less re-
stricted backbone motions of [K40N/P62A]Ssh10b compared
to [P62A]Ssh10b.

The relaxation data were analyzed for individual residues of
both proteins by the Liparli-Szabo approach (37). The deter-
mined correlation times for overall rotational motion (7,,) and
axially symmetric diffusion tensor components and the angles
(0 and @) for both proteins are listed in Table 2. The smaller
global tumbling times of [K40N/P62A]Ssh10b than those of
[P62A]Ssh10b likely arise from differences in their hydration
properties, as observed for other proteins (33).

The model-free parameters S, ., and R., obtained for both
proteins are shown in Figure 5. The general order parameter
S? for residues in two o-helices and four S-strands as well
as Lgiq1 and Ly of both proteins have higher values (>0.8).
The average S? value for two a-helices and four f-strands
of [P62A]Ssh10b is 0.91 4 0.04, which is slightly higher
than that obtained for [K40N/P62A]Ssh10b having a value
of 0.87 £ 0.03. Moreover, both proteins have similar average
$? values for loops Lgiq1 and Ly, but different S? values
for loop Laops and long S-hairpin loop Lgsgs. [P62A]Ssh10b
gives average S° value of 0.91 £ 0.03 for loop Leags, but
smaller value of 0.83 £+ 0.03 was obtained for [K40N/
P62A]Ssh10b. These data suggest that [P62A]Ssh10b has a
relatively compact main body structure of lower flexibility
compared to [K40N/P62A]Ssh10b. The S? values for residues
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FIGURE 5: 'TH—1N NMR relaxation and model-free parameters for [P62A]Ssh10b () and K40N mutant [P62A]Ssh10b (O). R;, R, 'H—"N
NOE, order parameter S, internal effective correlation time 7., and parameter for slow conformational exchange motions R., were plotted

against residue number.

Table 2: Global Tumbling Dynamic Parameters Optimized from
Model-Free Analysis

[P62A]Ssh10b [K40N/P62A]Ssh10b
Tm (0S) 12.972 4+ 0.048 11.703 £ 0.044
Di/Dj 0.864 £ 0.024 0.882 £ 0.022
0 (deg) —123.13 £7.06 122.47 £ 8.42
@ (deg) 104.78 £ 7.63 —68.95 + 8.90

in loop Lgsgs of both proteins decreased toward the S-turn
region (Q80-R83), varying from 0.98 % 0.02 to 0.51 4 0.04
in [P62A]Ssh10b and from 0.97 4 0.03 to 0.53 & 0.04 in
[K40N/P62A]Ssh10b. Residues S74, Q75, V87, and S88 in
both terminal regions of this loop have similar higher average
S? value (~0.91), whereas segment S79—Q84 of the loop
gives lower average S? value about 0.59 for both proteins,
enriched in ps—ns internal motions. Thus, a rigid to
completely flexible transition occurred in the loop Lgsgs of
both proteins. The high 7. values were obtained mainly for
residues in the loop regions of both proteins. No conforma-
tional exchange motions can be detected for contiguous
residues in both proteins (Figure 5). Therefore, the dynamic
structure of [P62A]Ssh10b as well as [K40N/P62A][Ssh10b
monomers can be divided to two structural regions which
are coincident with the two structural regions in the NMR-
derived solution structure. One is the main body structural

region containing o/3-hydrophobic core, the high compact-
ness of which is evident in its high S? values and absence of
R.x contributions. The other is the extended S-hairpin loop
Lg3ps, exhibiting the rigid to flexible transitions.

In consequence, the backbone dynamic studies of [P62A]-
Ssh10b and its K40N mutant protein reveal that [K40N/
P62A]Ssh10b has relatively less restricted backbone motions
exhibiting a relatively less compact structure of higher
flexibility compared to [P62A]Ssh10b.

DISCUSSION

[P62A]Ssh10b is a homodimeric protein. The dimeric
interactions between the two subunits are mediated predomi-
nantly by the hydrophobic contacts involving side-chains of
residues 146, V50, 167, 170, V72, and 190 from both
monomeric subunits (Figure 1A). [P62A]Ssh10b showed a
two-state denaturation curve which is validated by a latest
report (34). This means no preglobal unfolding is detected
in the denaturation experiments, implying the concerted
folding and dimerization of [P62A]Ssh10b. The highly
cooperatively folding/unfolding of [P62A]Ssh10b is also
suggested by the native-hydrogen exchange data. From these
inferences, all the following analysis of structural basis of
thermostability is related to the monomer motif of
[P62A]Ssh10b.
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The Stabilizing o/B-Hydrophobic Core of [P62A]Sshi0b.
For [P62A]Ssh10b, the tertiary hydrophobic packing interac-
tions between side-chains of 19 hydrophobic residues in the
o/f-hydrophobic core and hydrogen-bonding interactions
between residues of adjacent strands in the (-sheet and
between '"Hy and C=O0 of ith and (i—4)th residues, respec-
tively, in the o-helix are the key factors contributing to the
stability of the o/f-hydrophobic core. In addition, some
cross-segment hydrogen bonds were formed between the
loops and other secondary structural elements in the main
body structural region of [P62A]Ssh10b monomer. The
hydrogen bonds of residues in the loops Lgiq; and Ly, and
hinge Lgyqo with residues in the -strands can be identified
according to the degree of protection from solvent exchange
and to geometric criteria of hydrogen bond (Figures 1C and
2D). 'Hy of 114 in loop Lgiq; is hydrogen bonded to C=0
of K40 in the strand f,. 'Hx of G43 in hinge Lpgo is
hydrogen bonded to C=O0 of S88 which is a terminal residue
in the extended f-hairpin loop (Lgsgs) connecting directly to
strand f34. In turn, S88 is located in the antiparallel N- and
C-terminal portions of loop Lgsps stabilized by the cross-
strand hydrogen bonds: V77 '"Hy—S85 C=0, Q75 'Hx—V387
C=0, and Q75 C=0-—V87 'Hy. Moreover, one cross-
segment hydrogen bond S35 C=0—K96 'Hy between Loap2
and the C-terminal end of the strand 5, was formed. These
cross-segment hydrogen-bonds (Figure 1C) may also make
important contributions to the tight packing of two o-helices
against the S-sheet in [P62A]Ssh10b.

In fact, the high S values (>0.8) and absence of
conformational exchange motions of the [-sheet and two
a-helices from backbone dynamic measurements indicate a
compact structure of o/f-hydrophobic core in [P62A]Ssh10b.
On the other hand, the vast majority residues in the 3-strands
and o-helices as well as above-mentioned residues 114, G43,
Q75, V77, V87, and K96 in the loops have highly protected
amide protons which exchange with solvent by means of a
global or combined unfolding process. Moreover, these
residues have the values of AG,,ux(H>O) approaching those
of the equilibrium AG,(H,O) (Figure 4). These data suggest
strongly the high conformational stability of the compact o/f3-
hydrophobic core in [P62A]Ssh10b. Thus, the o/f-hydro-
phobic core behaviors as a “stabilizing core” in [P62A]Ssh10b.

The K40N mutation of [P62A]Ssh10b greatly decreases
the thermostability of the mutant protein (see the Supporting
Information, Table 1). The significant increase in H/D
exchange rates of all the residues in above classified group
1 was observed for [K40N/P62A]Ssh10b (data will be
published elsewhere). Meanwhile, [K40N/P62A]Ssh10b has
a less-compact structure with relatively high flexibility. The
loop Laops linking helix o, and strand f; in the o/f-
hydrophobic core is more flexible in [K40N/P62A]Ssh10b
than that in [P62A]Ssh10b. These data collectively suggest
that the K40N mutation may disturb the packing of helix
against the [5-sheet in the mutant [P62A]Ssh10b reducing
the stability of the a/f-hydrophobic core.

The dynamic properties of [P62A]Ssh10b display rigid
body movement of the segments in the regular secondary
structures with no substantial conformational exchange
contributions characterized by R.x values (Figure 5). Only
residues K16, R44, and Q80 show the R.x contributions (R.x
> 2.7 Hz). The S? values of K16 (~0.79), R44 (~0.83), and
Q80 (~0.50) are relatively lower than their flanking residues.
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FIGURE 6: Sequences alignment of archaeal Ssh10b homologues
using ENDscript. Mjal0b, Mth10b, Mmal0b, and Mvo10b are from
Methanococcus jannaschii, Methanococcus thermolithotrophicus,
Methanococcus maripaludis, and Methanococcus voltae, respec-
tively. Residues with side-chains involved in formation of hydro-
phobic core (*) and hydrophobic cluster in the dimer interface (+)
are indicated on the basis of the structure of [P62A]Ssh10b. The
residues form two ion-salt networks are distinguished by solid and
open circle marks.

Interestingly, K16 undergoes deacetylation by Sir2 that
affects the DNA-binding affinity of Alba (2). K16, R44, and
Q80 are involved in the interactions of [P62A]Ssh10b dimer
with DNA (/0). The structure region of central “belly”
having K16 and R44 and the S-turn containing Q80 of loop
Lg3ps were supposed to form a potential DNA-binding site
in the [P62A]Ssh10b dimer (2, 10). K16 and R44 are located
in the main body structural region and Q80 is at the flexible
turn of the extended f3-hairpin loop Lgsss. Thus, the stabilizing
o/f3-hydrophobic core region in the main body of monomer
must be of great importance to the biological function of
[P62A]Ssh10b.

Hydrophobic Interactions Are a Major Determinant for
Thermal Stability of [P62A]Ssh10b. The heat-induced un-
folding experiments of [P62A]Ssh10b (see the Supporting
Information, Figure 3B) provided the melting temperature
(T'x=395.6 £ 2.1 K) and enthalpy of unfolding at melting
temperature (AH,=143.1 & 3.1 kcal/mol) see the Supporting
Information, Figure 3C), which are fairly close to the values
obtained for Ssh10b (8). The mesophilic or thermophilic
counterpart proteins, archaeal MjalOb, Mth10b, MmalOb,
and Mvo10b, were isolated from Methanococcus jannaschii,
Methanococcus thermolithotrophicus, Methanococcus mari-
paludis, and Methanococcus voltae, respectively, which have
optimum growth temperatures of 85, 65, 35, and 35 °C,
respectively. Archaeal MjalOb, Mth10b, MmalOb, and
Mvol0b are members of the SaclOb family. Lacking of
knowledge of any mesophilic counterpart protein structure,
the approach of sequence comparison is used in the analysis.
Secondary-Structure-Driven sequence alignment, using the
ENDscript web server (35) and the structure of [P62A]Ssh10b
as an aid in determining gap positions, showed that Mjal0b,
Mth10b, MmalOb, and MvolOb share a high degree of
similarity in both secondary structures and amino acid
sequences with Ssh10b isolated from Sulfolobus shibatae
having optimum growth temperature of 85 °C (Figure 6).
Because MjalOb, Mth10b, MmalOb, and Mvo10b have about
30% sequence identity and 78% similarity with Ssh10b, the
majority residues comprising the o/f-hydrophobic core of
[P62A]Ssh10b are conserved between the Ssh10b and four
archaeal proteins. Besides, the majority of nonconserved
residues are also hydrophobic. Presumably, a similar o/f3-
hydrophobic core could exist in MjalOb, Mth10b, MmalOb,
and Mvol0Ob. However, there is an exception to the hydro-
phobicity of amino acids at positions 29, 45, and 53 (Figure
6). Mjal0b, Mth10b, and Mmal0b have Q29 instead of L29,
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Table 3: Comparison of Mean Generalized Order Parameters ((5?)) of
Secondary Structural Elements in [P62A]Ssh10b and [K40N/
P62A]Ssh10b

mean generalized order parameters ((S%))

secondary structure [P62A]Ssh10b [K40N/P62A]Ssh10b
B 0.81 £ 0.05 0.78 £+ 0.04
o 0.94 £+ 0.02 0.92 £+ 0.02
B2 0.90 £ 0.01 0.86 £+ 0.02
o 0.97 £ 0.03 0.94 £+ 0.02
B3 0.89 £ 0.05 0.86 + 0.02
Ba 0.94 + 0.05 0.90 + 0.04

which is located on the C-terminal region of helix o; in
[P62A]Ssh10b (Figure 6). This does not seem to influence
the stabilities of archaeal proteins since Mjal0b is as stable
as Ssh10b and has same dimeric fold as [P62A]Ssh10b (36).
Mvol0b and MmalOb are all mesophilic proteins. Mvol0b
has L29 in the sequence, but has S45 instead of A45 on the
N-terminus of helix o,. However, Mvol0Ob shows same
thermal stability to MmalOb which has A45 in the sequence
(Figure 6). Thus, nonconserved residue at sequence position
45 may not be critical for the thermostability of these archaeal
proteins. [P62A]Ssh10b has a V53, the side chain of V53
points to the inside of the o/f-hydrophobic core (see the
Supporting Information, Figure 6), and MjalOb has an
alanine at position 53 (Figure 6). However, Mth10b, Mmal0b,
and Mvol0b have no hydrophobic amino acid at position
53, but a hydrophilic E53 (Figure 6). This raises a question
whether E53 is a residue influencing the thermostability of
Mth10b, MmalOb, and MvolOb compared to those of
[P62A]Ssh10b. For clarifying the influence of residue at
position 53 on thermostability of the protein, the V53E
mutant [P62A]Ssh10b was isolated and subjected to the
denaturant-induced and heat-induced unfolding experiments
(see the Supporting Information, Figure 4 and Table 1). The
results have shown that the Cs value for V53E mutant
[P62A]Ssh10bis 3.16 much lower than those for [P62A]Ssh10b
(Cinia = 4.09). The difference in the AG,(H,O) values and
melting temperatures between V53E mutant [P62A]Ssh10b
and [P62A]Ssh10b is 4.8 (kcal/mol) and 40 °C, respectively.
Apparently, the substitution of E53 for V53 in [P62A]Ssh10b
molecule disturbs severely the compact packing arrangement
of the hydrophobic side-chains, consequently reduces the
conformational stability of the a/3-hydrophobic core. Thus,
the V53E mutation destabilizes the [P62A]Ssh10b by altering
the hydrophobic interaction in the a/-hydrophobic core of
V53E mutant [P62A]Ssh10b. On the other hand, the denatur-
ant-induced and heat-induced unfolding experiments of
Mvol0b showed unfolding at lower denaturant concentra-
tions providing the lower AG,(H;O) value than the value
obtained for [P62A]Ssh10b (data will be reported elsewhere).
Therefore, the above sequence comparison and mutagenesis
results suggest that hydrophobic interactions and packing
compactness within the o/f-hydrophobic core can be pro-
posed to be a basis for thermal stability of [P62A]Ssh10b.
Presumably, the thermostability of [P62A]Ssh10b is inter-
related to the stabilizing a/f3-hydrophobic core.

It was confirmed that protein thermostability is reached
through diverse stabilizing interactions (37). Many factors,
including the packing efficiency through hydrophobic inter-
actions, ion pairs, and/or hydrogen bonds contributions, and
the stabilization of loops, have been assumed to be respon-
sible for protein thermal stabilization (38, 39). In addition,
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the increase of conformational rigidity has been observed in
many thermophilic and hyperthermophilic proteins, and the
link between conformational rigidity and hyperthermosta-
bility has been addressed (40, 41). In fact, many hyperther-
mostable proteins show high conformational rigidity, but
there are also exceptions to this stability/rigidity link. The
question whether the core region of [P62A]Ssh10b has high
conformational rigidity can be clarified by comparing to the
relaxation data of mesophilic counterpart of [P62A]Ssh10b,
which is currently undertaken.

As was proposed, the increased presence of ion pairs
confers thermal stability due to the significantly reduced
desolvation penalty for ion-pair formation at increased
temperatures (42). An increase of ion pairs and ion-pair
networks in particular is a common phenomenon observed
in hyperthermostable proteins. This observation can support
the proposal that electrostatic interactions are an important
factor conferring thermostability to proteins; however,
conflicting conclusions also exist. It should be mentioned
that [P62A]Ssh10b has two ion-pair networks involving
K40—E91—R71—E69 and K68—E36—R95—E66 on solvent-
accessible surface of the -sheet and a salt-bridge E54—R57
in the helix a,, which have been identified in both X-ray
structure of Sso10b and solution structure of [P62A]Ssh10b.
Residues E36, K40, K68, and E91 as well as E54 are
conserved across the above-mentioned thermophilic and
mesophilic archaeal proteins. What role the ionization
interactions playing in the thermostability of [P62A]Ssh10b
could not be predicted just by sequence comparison and
structural analysis. For detailed studies of the contribution
of salt bridges, various mutations targeted to the ionizable
residues have been constructed and the thermodynamic
characterization is currently undertaken.

In conclusion, the above-described structural and dynamic
as well as thermodynamic characteristics of the protein
suggest strongly that the hydrophobic interactions in coop-
eration with hydrogen bonding interactions are the major
determinant for the thermostability of the thermophilic
[P62A]Ssh10b. Thus, the thermostability of [P62A]Ssh10b
may be correlated with the stabilizing a/f-hydrophobic core
having a compact structure.
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