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ABSTRACT: The Sso10b (or Alba) family of proteins is a conserved group of archaeal and eukaryotic
proteins which are thought to play a role in both chromatin organization and RNA metabolism. We describe
here the solution structure and properties of Sso10b2 fromSulfolobus solfataricus. NMR data including
residual dipolar couplings and15N relaxation data demonstrated that the protein adopts aâ1R1â2R2â3â4

topology with an IF-3-like fold. The protein dimerizes in solution at 30°C via a hydrophobic surface
defined by the C-terminalR2â3â4 elements with a structure similar to one of the putative dimers indicated
by previous crystal structures. DSC and circular dichroism data demonstrated an unusual two-state structural
transition near the growth temperature which led to an increase inâ-sheet content without dissociation of
the dimer. The cooperativity of the transition exceeded that of a dimer at pH 7, demonstrating the presence
of higher order oligomers near the growth temperature at pH 7. Reverse titrations of Sso10b2 with nucleic
acid showed that the protein binds single-stranded DNA (Kd of 3 × 10-7 M) with higher affinity than
RNA (1.3× 10-6 M) or double-stranded DNA (1.5× 10-5 M) in 10 mM KH2PO4 (pH 7.0, 20°C). NMR
chemical shift perturbation data indicated that single-stranded DNA and RNA binding occurred across
the same dimer interface and encompassed a surface defined by the C-terminal ends of theâ1, â2, andâ3

strands of each monomer.

The Sso10b family of proteins were originally isolated
from the archaeonSulfolobus solfataricus(1) and have been
shown to be associated with both RNA and DNA in vivo in
this hyperthermophile (2, 3). Their exact function is un-
known, but close association with Sir2 and specific lysine
acetylation indicates a potential role in the regulation of
chromatin structure and gene regulation (3, 4). Homologous
proteins exist not only in the thermophilic archaea but also
in a number of eukaryotes, includingArabidopsis thaliana
andHomo sapiens(see, for example, EMBL-EBI IPR002775)
(Figure 1). No homologues have been identified in the
eubacteria. More than one homologous gene is often found
in a number of species including five in the human genome
(5-7). S. solfataricusexpresses two distantly related Sso10b
proteins, Sso10b and Sso10b2, with molecular weights of
10 973 and 10 239, respectively (6, 7). Electron micrographs
showed Sso10b to form highly ordered protein-DNA
complexes which were modeled as two strands of protein
wrapped around a DNA duplex (8). Increased interest in
Sso10b resulted from a report which indicated that acetylation
of a specific lysine led to a 10-fold reduction in DNA binding
affinity (4). Sso10b was therefore renamed Alba (acetylation

lowers binding affinity), and the family of proteins is now
often identified with this name. Recent data indicate that the
effect of acetylation is significantly less (3), or nil (2), and
the role of acetylation is now unclear.

A possible role of Sso10b in RNA metabolism was
indicated by electron microscopy which showed that
DBNP-B (presumed to be Sso10b) was associated with the
ribosomes inSulfolobus(9, 10). Following this observation,
it was demonstrated that Ssh10b (a homologue fromSul-
folobus shibatae) was cross-linked by UV irradiation exclu-
sively to RNA in vivo, and that it was associated with
ribosomal RNA even in the absence of UV irradiation (2).
In vitro binding experiments demonstrated that Ssh10b bound
to RNA with an affinity equal to, or slightly greater than,
duplex DNA (Kd ∼ 0.5 µM) (2). Sequence analysis has
indicated that the Alba family of proteins originated as RNA
binding proteins, and some are expected to still function in
RNA metabolism (7). Three of the homologous human
proteins in IPR0022775 have been classified as RNase P
subunits, including p20 or hPOP7 (O75817) and p25
(Q9BUL9).

Little is known about the solution properties of members
of the Alba family. Ssh10b has been shown to be a highly
thermostable protein with little change in CD up to 90°C at
pH 7 (11). Thermal unfolding could be followed by CD only
in the presence of relatively high concentrations of GdnHCl
(greater than 2.5 M) (12). An initial report indicated that
the protein was dimeric by gel filtration (0.35 M KCl, pH
7.0) (1). Chemical cross-linking studies however showed that
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Ssh10b formed higher order oligomers (50 mM KCl, pH 7.6)
(11), and it was concluded that the protein did not exist
predominantly in any one oligomeric form.

Five crystal structures of members of the Alba family of
proteins have been determined: Sso10b or Alba (1HOX,
1H0Y) (13) and Sso10b2 (1UDV) (14) from S. solfataricus,
Afu10b or Af-Alba (1NFJ) (15) from Archaeoglobus fulgi-
dus, Mja10b (1NH9) (16) from Methanococcus jannaschii,
and a gene product fromA. thaliana which has not been
characterized beyond deposition of coordinates (1VM0). All
of the structures have aâRâRââ topology and are similar
to the C-terminal domain ofBacillus stearothermophilus
translation initiation factor IF3 (17) and the N-terminal DNA
binding domain of DNase I (18), including an extended
â-hairpin that is important in binding to the minor groove
of DNA in the DNase I-DNA complex. Protein packing in
the various crystal forms indicated at least three different
protein-protein interfaces that may play a role in forming
dimer and higher order oligomeric interactions in solution.
One form in Sso10b showed a buried surface area of
approximately 700 Å2 that was argued to represent a dimer
interface (referred to here as interface I) (13). A second
crystal form exhibited interactions via a different interface
(II) with a buried surface area of approximately 460 Å2, but
the significance of this was not explained. Zhao et al. (15)
argued that the second interface in theArcheaoglobusprotein
is physiologically important in the formation of a tetramer
(i.e., a dimer of dimers) that represents the DNA binding
species. Recent NMR data onS. shibataeSsh10b indicated
that intermolecular NOEs1 only occurred across interface I,
but a detailed solution structure was not presented. A third
dimer interface (III) was indicated in the structure of the
Alba-like protein from A. thaliana (1VM0) and also in
Sso10b2 (14).

We present here a characterization of the solution structure
and properties of Sso10b2. NMR and ultracentrifugation
studies show that the protein exists in solution primarily as
a dimer below pH 6, with the dimer interface being interface
I. Both thermal unfolding and nucleic acid binding indicate
additional protein-protein interactions and the formation of
higher order oligomers. Surprisingly, the protein is shown
to exist in two conformational states near the growth
temperature. Transition between the two states is associated
with an unusually large enthalpy change and an increase in
â-sheet without a change in quaternary structure. The
cooperativity of this transition increases with pH, indicating
the presence of higher order oligomers.

MATERIALS AND METHODS

Gene Cloning and Expression.The Sso10b2 gene was
amplified by PCR fromS. solfataricusgenomic DNA, cloned
into pETBlue-2 (Novagen), and expressed in RosettaBlue-
(DE3) (Novagen). Uniformly 15N- and/or 13C-enriched
protein for NMR was obtained by supplementing minimal
media with15NH4Cl (Isotec) and/or13C-glucose (Isotec) and

growing the cells in a 2 L Bioflo 3000 bioreactor (New
Brunswick Scientific, Edison, NJ). Protein expression was
induced with IPTG (1 mM), the temperature was reduced to
27 °C for 8-10 h, cells were harvested by centrifugation,
and the pellet was stored at-80 °C.

Protein Purification. Frozen cells were thawed and
suspended in 100 mL of ice-cold buffer (10 mM EDTA, 10
mM Tris-HCl, pH 8.0, 0.1% Triton X-100, and 0.5 mM
PMSF) and lysed by sonication, DNase I (Sigma) was added
(0.5 mg/mL), and the suspension was incubated at 37°C
for 5 min. The suspension was then incubated at 70°C for
40 min to precipitateEscherichia coli proteins and the
solution clarified by centrifugation at 300 000g. The super-
natant was filtered (0.45µm filter), and recombinant Sso10b2
was purified by cation exchange chromatography on a Hi-
trap SP (Pharmacia) column equilibrated with 10 mM KH2-
PO4 (pH 7). Sso10b2 eluted at 0.5 M NaCl with a linear
0-1.0 M NaCl gradient. Protein purity and molecular weight
were demonstrated by SDS gel electrophoresis. The identity
of the protein was confirmed by sequential NMR assignments
(see below). The protein concentration was determined using
a calculated (19) extinction coefficient of 0.375 mL mg-1

cm-1.

Analytical Ultracentrifugation. Sedimentation velocity
experiments were performed on a Beckman (Fullerton, CA)
XL-A analytical ultracentrifuge using two-channel center-
pieces with an An60Ti rotor at 59 000 rpm and 20°C.
Sedimentation was monitored using absorption at 230 nm
with protein concentrations of 0.056, 0.14, and 0.23 mg/mL
in 0.01 M KH2PO4 buffer (pH 7.0) with 0.15 M NaCl. The
Ultrascan software obtained from the Reversible Associations
in Structural and Molecular Biology web site (http://
www.bbri.org/RASMB/rasmb.html) was used to check sample
homogeneity with the van Holde-Weischet method and to
calculate the sedimentation coefficient and protein mass from
finite element fitting of the data to a one-component system.

Differential Scanning Calorimetry.DSC measurements
were performed using a MicoCal (Northampton, MA)
Extended Range VP-DSC with a cell volume of 0.5 mL.
Protein samples were dialyzed against an excess of the
appropriate buffer for approximately 12 h, and aliquots of
protein and dialysis buffer were degassed with stirring under
vacuum using the MicroCal accessory. Protein and buffer
solutions were scanned at 1.5°C/min from 5 to 125°C under
an applied pressure of 25 psi to prevent vaporization and
bubble formation. Reversibility of thermal unfolding was
demonstrated with repeated scans on the same sample.

DSC data were analyzed using an IGOR Pro (Wavemet-
rics, Oregon) procedure (IgorDenat, available at http://
daffy.uah.edu/thermo) with routines that permitted fitting of
baselines,∆CP, ∆H, andTm (or To) for multiple transitions.
The most appropriate model for Sso10b2 thermal unfolding
below pH 6 was one with a structural transition between
two dimeric native states, both of which unfold to random
coil monomeric subunits:

1 Abbreviations: CSI, chemical shift index; DEPC, diethylpyrocar-
bonate; DSC, differential scanning calorimetry; NOE, nuclear Over-
hauser effect; RDC, residual dipolar coupling;R1, longitudinal relaxation
rate (1/T1); R2, transverse relaxation rate (1/T2); τm, overall rotational
correlation time;T1, longitudinal relaxation time;T1F, rotating frame
relaxation time;T2, transverse relaxation time.
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where K1 ) [N2]/[N1] and K2 ) [U]2/[N2]. The total
concentration of protein in moles of monomers is given by
c ) 2[N1] + 2[N2] + [U], and the concentration of the
unfolded monomer is given by

K1 is a function of temperature and is related to the free
energy of the N1 T N2 transition by

where

and

∆H(Tm) is the enthalpy change of the reaction at the midpoint
temperature,Tm, and ∆CP1 is the change in heat capacity
calculated by assuming that the total∆CP is partitioned
between the two reactions (1 and 2) according to their relative
enthalpies. The total∆CP was fixed to that determined by a
global analysis of the chemical denaturation data described
below (1961 cal deg-1 mol-1). Similar equations apply to
K2(T) describing the N2 T 2U reaction with the reference
temperature beingTo, the midpoint temperature at 1 M
protein concentration. The relative partition function,Q (20,
21), for the total scheme is given by

The fractional populations (R) of the three states is obtained
from the partition function in the usual way:

Finally, the DSC excess heat capacity is given by the change
in the fractional occupation of the states with increasing
temperature multiplied by the heat change at that temperature:

Chemical Denaturation.Chemical denaturation was moni-
tored by fluorescence anisotropy using tyrosine fluorescence
with a Jobin Yvon (Edison, NJ) Fluoromax-3 equipped with

automatic polarizers. Fluorescence was detected with 275
nm excitation, 300 nm emission, and 4 nm slit widths.
Titrations were performed by adding 50µL aliquots of a 10
µM protein solution in 8 M guanidine hydrochloride with
0.01 M MOPS (pH 7.0) (the titrant) into a cuvette containing
2.4 mL of a 10µM protein sample solution in 0.01 M MOPS
(pH 7.0) using a Hamilton (Reno, NV) Microlab-500 titrator
controlled by computer. Titrations were performed at constant
volume by preceding each titrant injection with removal of
an equal amount of sample solution. The temperature was
controlled with a circulating water bath and was calibrated
to within (0.5 °C in the cuvette. Total data collection time
was 2.0 min for each titration point, with a 1.0 min
equilibration time. The concentration of guanidine hydro-
chloride (Mallinckrodt, Biotechnology grade) in the titrant
solution was determined by refractometry, and the denaturant
concentration after each titrant injection was calculated using
the equations of Pace (22).

The chemical denaturation data were fit with the three-
state model described above using an Igor Pro procedure
(IgorDenat) where the fluorescence anisotropy was given by
the weighted sum of three contributions:

whereA, B, C, D, E, andF are the respectivey-intercepts
and slopes describing the denaturant dependence of the
anisotropy of the three species, and [GdnHCl] is the
guanidine hydrochloride concentration. The fraction of each
of the three states,R, was calculated using eq 7. The value
of ∆G for each transition as a function of denaturant
concentration was defined using the linear extrapolation
method (LEM):

The m-values were assumed to be identical for the two
reactions. Denaturation data were obtained at different
temperatures, and the data were globally fit to the integrated
Gibbs-Helmholtz equation (eq 3) to obtain the thermody-
namic parameters for the reactions. The fitted parameters in
the global fit for the three-state model were the global
m-value and∆CP, Tm, and∆H for the first transition (N1 T
N2), To and∆Ho for the second transition (N2 T 2U), and
baseline parameters (slopes andy-intercepts) for each tem-
perature (four for each data set sinceC ) A andD ) B, see
results).

Circular Dichroism.CD measurements were performed
on an Olis (Bogart, GA) spectrometer equipped with a Peltier
unit for temperature control. Experiments were performed
in 0.1 and 1 cm path length cells in 10 mM glycine buffer
with 50 mM KCl with pH ranging from 3 to 5. The
secondary structure of the protein was determined using
CDPro with a reference set of 48 proteins over a wavelength
range of 190-240 nm (23).

NMR Spectroscopy.NMR spectra were collected on a
Varian (Palo Alto, CA) 800 MHz (18.7 T field) INOVA
NMR spectrometer using a triple resonance probe with
triaxial pulsed field gradient capability and a Varian 500
MHz (11.7 T field) INOVA NMR spectrometer withz-axis
pulsed field gradient capability. Pulse sequences were either
those provided in the Varian (Palo Alto, CA) BioPack or

F ) RN1(A + B[GdnHCl]) + RN2(C + D[GndHCl]) +
RN3(E + F[GdnHCl]) (9)

∆G(i) ) ∆Go(i) + m[GndHCl] (10)

[U] )
-K1K2 + xK1K2x8c(1 + K1) + K1K2

4(1 + K1)
(1)

K1(T) ) exp[-∆G1
o(T)/RT] (2)

∆G1
o(T) ) ∆H1(T)(1 - T

Tm
) + ∆CP1(T - Tm + T ln

Tm

T )
(3)

∆H1(T) ) ∆H1(Tm) + ∆CP1(T - Tm) (4)

∆CP1 ) ∆CP( ∆H1

∆H1 + ∆H2
) (5)

Q )
2N1 + 2N2 + U

2N1
) 1 + K1 +

K1K2

2[U]
(6)

RN1 ) 1
Q

RN2 )
K1

Q

RU )
K1K2

2[U]Q
(7)

CP,excess)
dRU

dT
∆H2(T) -

dRN1

dT
∆H1(T) (8)
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were kindly provided by Dr. Lewis Kay (University of
Toronto). All NMR spectra were collected at 30°C unless
indicated otherwise.1H chemical shifts were referenced using
sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS) as an
internal reference.13C and15N chemical shifts were refer-
enced indirectly to DSS and liquid ammonia, respectively,
using the appropriate frequency ratios (24). NMR spectra
were processed using NMRPipe (25), FELIX (Accelrys, San
Diego, CA), or VNMR (Varian, Palo Alto, CA). NMRView
(26) was used for visualization and chemical shift assign-
ments of NMR data.

NMR samples were prepared using lyophilized15N,13C-
enriched protein which was dissolved in 700µL of 90% H2O/
10% D2O or in 700 µL of 99.996% D2O. Final protein
concentrations were approximately 1 mM, and the pH was
set to the desired value using a Radiometer glass electrode
with either HCl or NaOH for 90% H2O/10% D2O solutions
or DCl or KOD for 99.996% D2O solutions. No correction
was made for the deuterium isotope effect on pH. An NMR
sample for a12C-filtered,13C-edited NOESY spectrum was
prepared by mixing equimolar amounts of15N,13C doubly
labeled and unlabeled Sso10b2. The mixture was denatured
by incremental addition of 7.46 M GdnHCl to obtain a final
GdnHCl concentration of 5.5 M. The sample was then
extensively dialyzed against water for 48 h to remove the
denaturant, followed by lyophilization, and then dissolution
in 700 µL of 99.996% D2O and adjustment of the pH to
5.0.

1H-15N residual dipolar coupling measurements were made
at 18.7 T using partially aligned,15N-labeled protein in a
liquid crystalline media ofn-alkyl-poly(ethylene glycol) and
hexanol (27). Samples were prepared in 90% H2O/10% D2O
with 5% C12E5 (Sigma) with a C12E5/hexanol molar ratio
(r) of 0.87. Spectra of unaligned samples were obtained at
30 °C on a sample that had been gently heated after storage
at 4°C, and spectra of partially aligned protein were obtained
on the same sample at 30°C after mixing. Single bond1H-
15N RDCs were obtained using1H,15N HSQC-IPAP pulse
sequence obtained from Dr. L. Kay (University of Toronto).
Raw data sets contained 672 data points in the1H dimension
and 256 increments in the15N dimension. Data were linear
predicted by a factor of 2 in the15N dimension, and zero-
filled to obtain 1024× 1024 (1H × 15N) data points in the
final spectrum. Residual dipolar couplings were extracted
using in-house NMRView scripts.

{1H}-15N NOE and15N T1 and T1F measurements were
performed at 11.7 T using sensitivity-enhanced, gradient-
selected HSQC pulse sequences (28, 29). 1H saturation for
{1H}-15N NOEs was obtained using a series of 120° 1H
pulses with 5 ms separation. Saturation was performed for
5 s, with a total recycle delay of 10 s for both saturated and
unsaturated experiments. Suppression of cross-correlation
effects in15N T1F experiments was obtained using a train of
phase-alternated, random length1H CW pulses applied during
the15N spin lock (29). T1 delay times were 0.10, 0.21, 0.33,
0.46, 0.61, 0.715, 0.95, 1.16, and 1.40 s. T1F delay times
were 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, and 0.10 s.R1

and R1F data were fit with the CURVEFIT module of
MODELFREE (30). R2 relaxation rates were calculated from
R1F rates as described by Korzhnev et al. (29). Duplicate
{1H}-15N NOE experiments and duplicates of15N T1 and
T1F experiments at three different delay times were used to

estimate uncertainties in peak intensities. The errors in
measuredR1, R2, and NOE values averaged 0.8, 1.2, and
2.6%, respectively. The errors used for relaxation analysis
were those measured or 2.5%, whichever was greater.

NMR Assignments.Backbone1H, 13C, and15N assignments
were obtained using1H-15N heteronuclear single quantum
coherence (HSQC), HNCA, HNCO, HNCACB, CBAC(CO)-
NNH, HN(CO)CA, and HNHA spectra collected at 18.7 T
on a uniformly15N,13C-double-labeled protein sample dis-
solved in 90% H2O/10% D2O. Side chain assignments were
obtained using HCC-TOCSY-NNH and CCC-TOCSY-NNH
on an15N-13C-labeled protein in 90% H2O/10% D2O, and
HCCH-TOCSY and HCCH-COSY on a doubly labeled
protein in 99.996% D2O. A 3D HBGCBGCCBGCACONNH
spectrum (31) of protein in 90% H2O/10% D2O was obtained
for assignments of side-chain carboxyl carbons. HBCB-
CGCDHD (32), 2D DQF-COSY, 2D NOESY, and1H,13C
HSQC spectra were collected on a doubly labeled protein
sample in 90% H2O/10% D2O to obtain aromatic proton and
carbon assignments. An15N-edited nuclear Overhauser effect
spectrum (NOESY) (150 ms mixing time) on doubly labeled
protein in 90% H2O/10% D2O and a NOESY-13C HSQC
experiment (150 ms mixing time) on protein in 99.996% D2O
were collected for NOE measurements. For intermolecular
NOE assignments, a 3D12C-filtered, 13C-edited NOESY
NMR experiment (33) (150 ms mixing time) in 99.996%
D2O was performed at 18.7 T on a sample of hetero-labeled
dimer prepared as described above. Backbone amide protons
involved in hydrogen bonding were delineated with a1H,15N
HSQC spectrum of15N-labeled protein immediately after
dissolving in 99.996% D2O.

NMR Structure Calculation.Initial structures of mono-
meric Sso10b2 were derived using ARIA 1.2 interfaced to
CNS (34) with a random chain starting structure. Initial
restraints consisted of hydrogen bond and dihedral angle
restraints, obtained from chemical shift indices, and a set of
unambiguous NOEs, obtained from an15N-edited NOESY
spectrum. In each ARIA iteration, distance restraints were
calibrated and NOE assignments of the15N-edited NOESY
cross-peaks were made by ARIA based on an ensemble of
the lowest energy structures from the previous iteration.
Assignments made by ARIA were checked manually, as were
the distance restraints rejected by ARIA. Once a preliminary
monomer structure with reasonable convergence was ob-
tained, NOEs from a13C-edited NOESY spectrum were
incorporated and assigned by ARIA. The final ensemble of
monomeric structures was validated using PROCHECK. The
average monomer structure was calculated using the 10 best
structures and then energy-minimized in CNS. A simulated
annealing protocol was used to generate 100 more monomer
structures in CNS, starting with the average minimized
structure and final distance restraints obtained from ARIA.
A 12C-filtered, 13C-edited NOESY experiment was used to
identify a set of 22 unambiguous intermolecular NOE
assignments which were used to dock two monomers to form
a starting dimer structure. Structure calculations for the dimer
were performed using ARIA1.2 modified for homodimers
(B. Jordan, personal communication). NOEs from15N-edited
NOESY, 13C-edited NOESY, and13C-filtered, 12C-edited
NOESY spectra were included in refinement of the dimer
along with hydrogen bond distance restraints (33 per
monomer) obtained from hydrogen-deuterium exchange
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data. Residual dipolar couplings (81 per monomer) were
included as restraints using initial values forDa and R of
10.0 and 0.53, calculated from the starting dimer structure
using MODULE.

The dimer structure was further refined using Xplor-NIH
(35) (version 2.11) with the distance restraints derived by
ARIA from the NOE cross-peaks. Restraints are summarized
in Table 2.T1 andT2 relaxation data restraints were those
that did not fall in suspected mobile regions, which were
identified by significantly low{1H}-15N NOEs. Xplor-NIH
internal dynamics were used with an initial equilibration at
3000 K, slow cooling to 100 K with 50 K temperature
decrements, followed by energy minimization. During both
the equilibration and cooling phases, distance restraint force
constants were increased from 5 to 50 kcal/mol, and force
constants for dipolar coupling andT1/T2 restraints were
increased during the cooling phase from 0.01 to 1.0 and from
0.05 to 5.0, respectively. A grid search with rigid body
rotation was implemented at each temperature change during
the simulated annealing to find optimal values ofDa, D|/D⊥,
R (rhombicity), and the overall rotational correlation time.
The final values characterizing the molecular alignment
tensor were aDa of 9.1 Hz and a rhombicity of 0.56. The
rotational diffusion anisotropy defined by theT1/T2 restraints
converged to aD|/D⊥ of 1.4 with a rhombicity of 0.03 and
an overallτm of 17.8 ns.

The 10 lowest energy structures from Xplor-NIH refine-
ments (out of 100 total structures) were used to define an
ensemble of NMR structures, and an average structure was
obtained by averaging the coordinates followed by restrained
energy minimization. The quality of the final structures were
analyzed using PROCHECK-NMR. The coordinates and
resonance assignments have been deposited in the Protein
Data Bank (PDB: 2A2Y) and the BioMagResBank (BMRB
5891).

{1H}-15N NOE and15N Relaxation Data Analysis.{1H}-
15N NOE and15N R1 andR2 relaxation data were analyzed
using TENSOR2 kindly provided by M. Blackledge (http://
www.ibs.fr/ext/labos/LRMN/softs/). The diffusion tensor
elements were calculated using data for NHs only inR or â
secondary structures with NOEs greater than 0.7,R2 values
greater than 20 s-1, and R2/R1 ratios within 1 standard
deviation of the mean. The principal elements of the diffusion
tensor elements were as follows:Dx ) 0.86× 107 s-1, Dy

) 0.87× 107 s-1, andDz ) 1.05× 107 s-1. Similar results

were obtained using the quadric_diffusion program kindly
provided by A. Palmer (Columbia University). The backbone
dynamic parameters were obtained by fitting the15N
relaxation data according to the “model-free” approach of
Lipari and Szabo using an anisotropic model with TENSOR2.

Nucleic Acid Binding.Yeast RNA (Sigma, Type XI) was
purified by phenol-chloroform extraction followed by

Table 1: Thermodynamic Parameters Obtained by DSC Describing Thermotropic Transitions in Sso10b2 as a Function of pH and
Concentrationa

transition 1 transition 2

pH
concentrated

(mg/mL)
Tm

(°C)
∆Hvh

(kcal/mol)
∆Hcal

(kcal/mol) ∆Hcal/∆Hvh

TO

(°C)
∆Hvh

(kcal/mol)
∆Hcal

(kcal/mol) ∆Hcal/∆Hvh

3.2 1.0 57.8( 0.1 39.1( 0.1 20.3( 0.1 0.520( 0.007 93.4( 0.2 85.5( 0.3 42.8( 0.2 0.501( 0.007
4.2 1.0 81.1( 0.1 60.0( 0.2 30.1( 0.1 0.501( 0.005 115.6( 0.2 93.5( 0.2 47.8( 0.1 0.511( 0.005
4.8 1.0 86.5( 0.1 75.5( 0.2 37.8( 0.1 0.501( 0.004 126.2( 0.1 92.7( 0.2 47.3( 0.1 0.510( 0.006
5.6 1.0 88.1( 0.1 95.5( 0.3 44.8( 0.1 0.469( 0.005 130.9( 0.2 105.0( 0.5 56.9( 0.3 0.542( 0.010
6.0 0.5 88.4( 0.1 88.1( 0.4 43.8( 0.2 0.497( 0.005 128.6( 0.1 104.0( 0.2 51.8( 0.1 0.498( 0.008
6.0 1.0 88.1( 0.1 97.0( 0.3 46.1( 0.1 0.475( 0.004 131.1( 0.2 106.1( 0.4 57.0( 0.2 0.537( 0.009
6.0 1.4 87.8( 0.1 101.7( 0.3 46.9( 0.1 0.461( 0.005 132.5( 0.3 103.4( 0.8 58.1( 0.4 0.562( 0.012
6.0 2.0 87.7( 0.1 106.0( 0.4 46.4( 0.2 0.438( 0.007 134.6( 0.4 99.1( 1.0 59.5( 0.6 0.600( 0.017
6.0 2.6 87.5( 0.1 111.2( 0.5 46.3( 0.2 0.416( 0.007 135.9( 0.4 98.6( 0.7 50.3( 0.4 0.510( 0.003
7.1 1.0 88.3( 0.1 171.8( 1.3 27.0( 0.2 0.157( 0.002 157.4( 1.1 84.7( 1.5 44.9( 0.8 0.530( 0.028

a Parameters were obtained from fitting the DSC data shown in Figure 2 using the three-state unfolding model as described in the text. All data
were collected in 10 mM glycine at the indicated pH and protein concentrations.

Table 2: Structural Statistics for the Sso10b2 Dimer

Number of experimental restraintsa

unambiguous NOE distances 1223
intraresidue 299
sequential residues 316
short and medium range 270
long range 225
intermolecular 110

ambiguous NOE distances 1651
H-bondsb 33
dihedral angle restraintsc 126
3JHNHR coupling constants 48
residual dipolar couplings 80
T1/T2 relaxation ratios 57

coordinate rmsdd

backbone (secondary structure only) (Å) 0.27
backbone (all residues) (Å) 0.48
all heavy atoms (Å) 0.95

number of restraint violations
NOE distances with violations>0.5 Å 0.4
dihedral angles with violations>10° 0.6

rmsd of restraint violations
distance restraints (Å) 0.005
dihedral angles (deg) 1.40
3JHNHR (Hz) 1.49
residual dipolar couplings (Hz) 1.00
T1/T2 relaxation ratios 0.78

rmsd from ideal geometry
bonds (Å) 0.004
angles (deg) 0.60
impropers (deg) 0.60

Ramachandran plot statistics
most favored (%) 86.7
allowed (%) 10.6
generously allowed (%) 2.5
disallowed (%) 0.2

a Number of final restraints used for Xplor-NIH refinement given
per monomer.b Each of the 33 H-bonds was defined by two restraints:
the H-O and N- O distances.c Phi and psi dihedral angles were
derived from the CSI.d Coordinate rmsd values were determined by
superposition of the 10 best Xplor-NIH structures over the residues
which occur in well-ordered regions where the local rmsd was less
than the mean rmsd+ 2 standard deviations (residues 6, 7, 9-12, 16-
28, 31-54, 58, 60-63, 65-70, and 78-88).
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ethanol precipitation. The precipitated RNA was suspended
in 10 mM KH2PO4 buffer and the pH adjusted to 7.0. All
glassware used in RNA experiments was heated to 150°C
for approximately 12 h. In addition, all glassware and
plasticware were washed with DEPC-treated water.E. coli
DNA (Sigma) was used for double-stranded DNA titrations
without further purification and was sheared by passing
through a 26 gauge needle. Single-stranded DNA was made
by heating E. coli DNA through the melting transition
(monitored by UV absorbance) and then rapidly cooling the
sample to 0°C.

RNA and DNA titrations followed by fluorescence were
performed on a Fluoromax-3 fluorimeter (Jobin Yvon, Inc.)
with excitation at 275 nm and emission at 303 nm (4 nm
slit widths). Reverse titrations (nucleic acid into protein) were
performed by adding 3µL of 2.3 mM nucleic acid solution
(in 10 mM KH2PO4, pH 7.0, 20°C) to 2.5 mL of protein
solution (same buffer with 2.9µM protein monomer) in a 4
mL quartz fluorescence cell. Binding parameters were
obtained by using the McGhee-von Hippel model for
nonspecific ligand binding to an infinite lattice (36).

Nucleic acid titrations followed by NMR were performed
using1H,15N HSQC spectra of15N-labeled Sso10b2. Reverse
titrations were performed by adding aliquots of a concen-
trated nucleic acid solution in 10 mM KH2PO4 (pH 7.0) into
0.2 mM protein in the same buffer with 90% H2O/10%D2O
at 30°C. Single-stranded DNA titrations were performed in
the same buffer with 0.3 M KCl to reduce precipitation and
promote fast exchange. Changes in1H,15N HSQC spectra
were quantified using the length of the vector describing the
chemical shift change for each peak

where the weighting factor 0.15 is determined by the relative
magnitudes of the amide nitrogen chemical shift range
compared to that for the NH proton chemical shift range
(37).

RESULTS

Initial Characterization of Sso10b2.The S. solfataricus
genome (38) contains two annotated Sso10b genes: P60849
(locus tag SSO0962) and Q97ZF4 (SSO6877). The protein
coded by the first has been the most studied and corresponds
to Sso10b or Alba (13). Q97ZF4 codes for Sso10b2 (14), a

highly basic 10 239 Da (89 residue) protein with a calculated
pI of 9.39 (compared to 10.48 for Sso10b) and 36% sequence
identity to Sso10b (Figure 1). The Sso10b2 gene was cloned
and expressed as described in Materials and Methods.
Sso10b2 contains no tryptophan (and three tyrosines), leading
to a relatively low near-UV absorbance with an extinction
coefficient of 0.38 mL/(cm‚gm) at 280 nm.

Dimerization in Solution.Gel filtration chromatography
of recombinant protein showed an apparent molecular weight
of 17 000, indicating dimer formation in solution (in 10 mM
KH2PO4 and 0.15 M KCl, pH 7). A van Holde-Weischet
analysis (39) of sedimentation velocity data indicated the
presence of a single Sso10b2 species in 10 mM KH2PO4

and 0.15 M KCl, pH 7. Fitting of the sedimentation profiles
indicated a sedimentation coefficient,S20,w, of 1.96( 0.01
and a mass of 20 000( 500, consistent with an Sso10b2
dimer. The frictional coefficient relative to that of a sphere
of the same mass (f/fo) was 1.16, which indicated a nearly
spherical globular dimer.

Thermal Stability.Since Sso10b2 is a hyperthermophile
protein, it is of interest to characterize the effect of
temperature on the structure and oligomerization properties
of the protein, especially near the growth temperature (80
°C). Sso10b2 was shown to be thermally stable by DSC,
with a Tm greater than 85°C above pH 5 with 1 mg/mL
Sso10b2 (Figure 2). Thermal unfolding was reversible from
pH 3 to 7 in 10 mM glycine as demonstrated by heating to
the midpoint temperature, cooling, and rescanning to 125
°C (data not shown). Reversibility was reduced in 50 mM
KCl at higher pH.

The DSC profile for Sso10b2 varied with protein concen-
tration as expected for an oligomer. Surprisingly, two
significant endotherms were observed above pH 5 with
protein concentrations greater than 1 mg/mL (Figure 2).
Variation of protein concentration resulted in no change in
the Tm of the first transition (Tm ) 88 °C), while theTm of
the second increased with increasing protein concentration
at pH 6.0 (Figure 2B). (The intracellular pH ofSulfolobus
is approximately 6.0 (40).) The lack of a concentration
dependence for the low-temperature endotherm indicated that
this reflected a structural transition without a change in the
number of species, and it was presumed to be a dimerT
dimer transition (at pH 6.0). The concentration dependence
of the second (higher temperature) endotherm demonstrated
that it corresponded to an increase in the number of molecular

FIGURE 1: Sso10b2 (accession Q97ZF4) primary and secondary structure with sequence alignments with Sso10b (Alba) (P60849), Af1-
Alba fromArchaeoglobus fulgidus(O28323), Mf1-Alba fromMethanococcus jannaschii(Q57665), an unnamed gene product fromArabidopsis
thaliana (BAC42164), and p20 fromHomo sapiens(O75817). Numbering above the sequences is for Sso10b2. The Sso10b2 residues
showing1H,15N HSQC chemical shift perturbations due to yeast RNA and single-strandedE. coli DNA binding are marked with red and
blue diamonds, respectively. Residues shown to be involved in protein-protein interactions via interface II (15) are outlined with red boxes
surrounding Sso10b2 and homologous residues. The level of sequence homology is indicated by the bar chart below the sequences as well
as with color highlighting using the ClustalX default parameters (red, 60% K and R; purple, 50% D and E; light blue, 60% hydrophobic;
green, 80% uncharged hydrophilic; all P and G are orange).

∆δ ) x(∆δHN)2 + (0.15∆δN)2 (11)
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species, which was presumed to be unfolding and dissociation
of the dimer under these conditions. The data can be
explained by a three-state model (see Materials and Methods)
with a transition between two dimeric forms which can
dissociate and unfold to two random coil chains. Nonlinear
fitting of the DSC data to the model provided transition
temperatures (Tm for the first, To for the second) and
enthalpies (∆Hvh and∆Hcal) for the two endotherms (Table
1). Both endotherms were pH-dependent, with the higher
temperature endotherm showing a greater dependence on pH
above pH 5, while the lower temperature endotherm shifted
significantly to lower temperature below pH 5. Below pH
5, the two endotherms appeared to coalesce into a single
peak as the pH decreased. All of the data could be fit globally
with the three-state model. At pH 3.2, theTm of the single
peak was concentration-dependent, indicating contributions
from dimer unfolding as expected for the three-state model.

Below pH 7, the∆Hcal/∆Hvh ratio was about 0.5 for both
transitions, as expected for a dimer. However, at pH 7 and
above, the cooperativity of the first transition increased (i.e.,
∆Hcal/∆Hvh was less than 0.5), suggesting that the lower
temperature endotherm represented a structural transition
involving higher order oligomers (i.e., larger than dimers).
TheTm of the transition remained concentration-independent,

indicating that the first transition corresponded to a structural
rearrangement or partial unfolding without dissociation.
There was little change in the∆Hcal/∆Hvh ratio for the second
higher temperature transition as a function of pH.

Chemical Denaturation.Although DSC of Sso10b2 showed
two thermotropic transitions at pH 7, only one unfolding
transition was apparent in guanidine hydrochloride titrations
of Sso10b2 at pH 7.0 between 5 and 85°C as monitored by
fluorescence anisotropy (Figure 3). Therefore, either the
dimer-dimer transition observed by DSC resulted in no
change in protein anisotropy (and was therefore not directly
measurable) or one of the dimeric states was not significantly
populated during chemical denaturation (so that only N1 T
2U or N2 T 2U could be observed). Simulations using the
three-state model with the thermodynamic parameters de-
termined by DSC indicate that N2 is expected to be minimally
populated (less than 1%) below 40°C. The population of
N2 increases with increasing temperature and approaches
25% at 85°C. Since there is only one observable transition
at high temperature, any anisotropy change associated with
the N1 T N2 transition must be negligible. Therefore, we
have fit the chemical denaturation data with the three-state
model assuming that the N1 T N2 transition makes no
contribution to the observed signal (i.e.,C ) A andD ) B
in eq 9). Note that although the N1 T N2 transition is not

FIGURE 2: Thermal unfolding of Sso10b2 as a function of pH and
protein concentration. (A) DSC of Sso10b2 (1 mg/mL) in 10 mM
glycine at pH 3.2 (red), 4.2 (blue), 4.8 (green), 5.6 (brown), and
7.1 (black). (B) DSC of Sso10b2 in 10 mM glycine, pH 6.0,
collected at protein concentrations of 0.5 (red), 1.0 (blue), 1.4
(green), 2.0 (brown), and 2.6 (black) mg/mL. The symbols represent
data (for clarity only every fifth data point is shown), and solid
lines represent fits of the data using the three-state model discussed
in the text. The fitted parameters are given in Table 1. (C)
Temperature dependence of the secondary structure of Sso10b2.
Circular dichroism spectra of Sso10b2 (0.1 mg/mL in 10 mM
glycine (pH 5) and 50 mM KCl) from 20 to 99°C were analyzed
using CDPro to define the change in secondary structure with
temperature. A DSC scan of Sso10b2 (1 mg/mL, in the same buffer)
is shown at the bottom of the panel.

FIGURE 3: Chemical denaturation of Sso10b2 as a function of
temperature. (A) Guanidine hydrochloride-induced unfolding of
Sso10b2 in 10mM MOPS (pH 7.0) monitored by fluorescence
anisotropy at 5.0 (red), 20 (blue), 39 (green), 58 (brown), 77 (black),
and 85 (gray)°C. Solid lines represent the global fit of all the data
to the integrated Gibbs-Helmholtz equation (eq 3) using the three-
state model described in the text. Fitted parameters are∆Cp ) 1961
cal deg-1 mol-1, m-value) 1660,Tm ) 94 °C, ∆Hvh ) 82.4 kcal/
mol, To ) 133.1°C, and∆Ho ) 105.1 kcal/mol. (B) Stability curves
for the N1 T N2 (short dashes), N2 T 2U (long dashes), and N1 T
2U (solid line) transitions defined by the fitted parameters. Symbols
indicate the individually calculated∆G values determined by fitting
the data to a globalm-value using a two-state (N1 T 2U) dimer
unfolding model and are shown for comparison only.
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directly observable by fluorescence anisotropy, this transition
has a significant influence on the population of unfolded
species and therefore is observable thermodynamically. A
global fit of the denaturation data to the Gibbs-Helmholtz
equation gave a∆CP of 1961( 50 cal deg-1 mol-1, along
with a Tm of 94.0 ( 1.4 °C, a ∆H ) 82.4 ( 5.7 kcal/mol
for the dimer N1 T N2 transition, aTo of 133.1( 4.8 °C
and∆Ho of 105.1( 5.6 kcal/mol for the N2 T 2U unfolding
transition, and anm-value of 1660( 33. These parameters
are in good agreement with those obtained from an analysis
of the DSC data (Figure 2). Both chemical denaturation and
DSC parameters indicate that the N1 T N2 transition occurs
first with increasing temperature (at pH 7), followed by the
unfolding transition N2 T 2U. Increasing denaturant at low
temperature (e.g., 25°C) leads to direct conversion of N1 T
2U without formation of the second dimeric form N2. The
second dimeric form is only populated at high temperature
near the growth temperature ofSulfolobus(i.e., 80°C).

Circular Dichroism Analysis of Thermal Transitions.
Analysis of CD spectra of Sso10b2 collected at 20°C (pH
5) showed that the protein consisted of approximately 35%
R-helix, 20%â-sheet, and 45% turns and others structures.
Data collected at higher temperatures showed that the
secondary structure of the protein changed significantly near
85 °C (Figure 2C). A transition in the CD at this temperature
showed an increase inâ-sheet from 20% to approximately
30%, while theR-helical content decreased from 35% to
approximately 15%. A DSC scan under similar conditions
showed that this transition coincided with the first endotherm
in DSC scans. Thus, the concentration-independent transition
observed in DSC corresponds to a partial unfolding along
with an increase inâ-sheet without dissociation of the dimer.

NMR Spectroscopy and Structure Calculation.The1H,15N
HSQC spectrum of Sso10b2 at pH 4.8 and 30°C showed
excellent chemical shift dispersion with 87 cross-peaks
(Figure 4). There was no evidence of two protein conforma-
tions as observed in the NMR spectra of Ssh10b (41). Two
conformations of Ssh10b were shown to be due to cis-trans
isomerization of the L61-P62 peptide bond in that protein.
The lack of two conformations in Sso10b2 under similar
conditions is consistent with the occurrence of an aspartate
at the corresponding position (D59) in Sso10b2. This greatly
facilitates chemical shift assignments and structure determi-
nation. Backbone1H, 15N, and13C assignments were obtained
for all residues in Sso10b2 beyond threonine-2 (see Materials
and Methods), and more than 90% of the side-chain protons
and carbons were assigned. The assignment data indicated
that the initiating methionine was absent in the recombinant
protein.

NMR solution structures of Sso10b2 were obtained using
NOE, CSI, dihedral angle, hydrogen bond, RDC, and15N
relaxation data restraints from data collected at 30°C. A
superposition of the 10 lowest energy structures is shown in
Figure 5, with a summary of the structural statistics in Table
2. A Ramachandran plot (not shown) of the backbone
dihedral angles of the ensemble indicated convergence to
good stereochemistry. The ensemble of the 10 best structures
showed an average backbone rmsd on the order of 0.25 Å
(Figure 6), with slight increases approaching 0.5 Å at the
connecting elements between regular secondary structure.
The largest backbone rmsd was noted at the N-terminus.

The solution structure of Sso10b2 contains 39%â-sheet,
31% R-helix, and 30% of other structure, with two parallel
R-helices and fourâ-strands arranged to form aâ1R1â2R2â3â4

topology (Figure 5). After the first five N-terminal residues,
the structure begins with a shortâ-strand (â1, N6-V9),
followed by a loop of six residues (V10-N15) connecting
to the first helixR1. This loop is positively charged with
one arginine (R11) and two lysine (K12 and K14) residues.
K14 is homologous to the lysine shown to be specifically
acetylated in Alba (4). Helix R1 (V16-Q29) is especially
interesting because of the predominance of hydrophobic
(V16, V20, L21, V23, I24, V25, L26, and F27) and
negatively charged (E17, D18, and D22) residues. There are
no positively charged residues in this helix other than
potentially H19, which is largely buried with a hydrogen
bond to the NH of R11 (leading to a significant downfield
shift of the both the1H and 15N resonances). The second
â-strand (E33-T39), which follows, ends in an unusually
tight turn containing a highly conserved G40 as well as R41
(Figure 1). These are immediately followed byR2 (E42-
K54), which is largely buried and contributes to the
hydrophobic core of the monomer as well as the hydrophobic
interface between two monomer units in the dimer. The
sequence ends with two antiparallelâ-strands (â3, V66-
V72 andâ4, R77-K86) forming aâ-hairpin “arm” which
extends beyond the body of the monomer. The turn at the
end of the arm is a short loop (R73-R76) which contains
an arginine-rich sequence (RDRRR) commonly associated

FIGURE 4: 1H,15N HSQC spectrum of Sso10b2 in 90% H2O/10%
D2O (pH 4.8) collected at 30°C and at 18.7 T. The asparagine and
glutamine side-chain correlation peaks are connected with solid
lines.
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with RNA binding (14, 42). The arm is oriented away from
the dimer and is expected to be important in nucleic acid
binding (see below).

Dimerization of Sso10b2 in solution occurs at a hydro-
phobic surface on the C-terminalR2-â3-â4 segments defined
by I43, V47, L63, V66, I81, and L83. In addition, polar side
chains from S44, T68, S70, and S79 also contribute to the
dimerization surface, with potential H-bonding between T68
and Y50. Interestingly, there is little evidence for ion pairing
between subunits. The only possible pairs involve R77, D48,
and D55, but the separation distances (greater than 6 Å) make
these unlikely to be important in stabilizing the dimer. The
pH dependence noted for the dimer dissociation (the second,
higher temperature transition) observed by DSC occurs over
a range consistent with histidine titration (i.e., pH> 6).
However, the only histidine (H19) is largely buried in the
hydrophobic core of the monomers and is not at the dimer
interface (Figure 7).

Sso10b2 contains a significant charge density with 16
positively (9 arginines, 7 lysines) and 13 negatively (7
aspartate and 6 glutamate) charged residues. Potential salt-
bridges involving residues E7-K37, K4-D32, E33-R84,

E42-R73, and K14-E18 could be identified in the final
structures. The charges are not uniformly positioned on the
surface (Figure 7) so that a high density of positive charge
occurs on the face defined by the loops at the C-terminal
ends ofâ-strandsâ1, â2, andâ3. Interestingly, K14 (homolo-
gous to the acetylated lysine in Alba) lies at the edge of this
face, and H19 is nearby.

15N relaxation rates and NOEs indicate a region of
significant flexibility around residues 70-78 (Figure 6),
corresponding to the arginine-rich arm that presumably is
involved in nucleic acid binding (see below). This region
also exhibits an increased rmsd in the backbone atoms of
the ensemble of the 10 best structures. Except for another
small region of increased flexibility toward the C-terminus
of helix 2 (residues 53-56), the remainder of the protein
appears relatively rigid with a meanS2 value of 0.95.

Nucleic Acid Binding.RNA and DNA binding to Sso10b2
resulted in quenching of the intrinsic tyrosine fluorescence
(the protein contains no tryptophan). Reverse titrations of
nucleic acid into Sso10b2 showed a typical rectangular
hyperbola with maximal quenching of approximately 40%
in 10 mM KH2PO4 (pH 7, 20 °C). The binding isotherm

FIGURE 5: The structure of Sso10b2. (Upper panel) An overlay of the ensemble of 10 lowest energy NMR solution structures of Sso10b2.
The N- and C-termini are indicated for one of the monomers. (Lower panel) The solution structure of dimeric Sso10b2 shown as ribbon
diagrams in two different orientations. The monomers in each view are indicated in blue and red. Thez-axes of the diffusion and alignment
tensors are indicated by green and gold lines, respectively. The numbering of the helices andâ-strands is indicated for one monomer in the
left view.

Structure of Sso10b2 Biochemistry, Vol. 44, No. 43, 200514225



could be fit by the McGhee-von Hipple model (36) for
nonspecific binding to an infinite lattice. The protein showed
a relatively high affinity for single-strandedE. coli DNA
with a Kd of 2.6 × 10-7 M and a site size of 3.7 bases per
dimer (Figure 7). Titrations with double-strandedE. coli
DNA indicated significantly weaker binding (Kd ) 1.5 ×
10-5 M) with a site size of 5.6 base pairs per dimer. The
affinity for yeast RNA was weaker than for single-stranded
DNA at approximately 1.3× 10-6 M and a binding site size
of 5.1 bases per dimer.

An indication of the Sso10b2 residues contributing to the
nucleic acid binding site was obtained by chemical shift
perturbation of1H,15N HSQC spectra of the protein by single-

stranded DNA and RNA. RNA binding resulted in NH
chemical shift perturbations for residues on the surface
defined by the C-termini of theR1 helix and theâ1, â2, and
â3 strands (viz., K12, K14, N15, E17, D18, L21, I24, T39,
G40, E42, S70, R75, and I78) (red diamonds, Figure 1). At
the concentrations needed for NMR, the addition of single-
strandedE. coli DNA to Sso10b2 led to precipitation of the
complex with no noticeable change in the NMR spectrum
of the protein remaining in solution. Precipitation was not
observed in the presence of 0.3 M KCl, and at the higher
salt concentration, single-stranded DNA led to perturbation
of a subset of the NHs perturbed by RNA: E17, D18, L21,
T39, G40, S70, and R75 (blue diamonds, Figure 1). These
include residues at the surface defined by the C-termini of
the â1, â2, and â3 strands. In addition, these also include
residues on the surface of theR1-helix which coincide with
those reported by Bell et al. (4) to be involved in protein-
protein interactions at interface II (red boxes, Figure 1).

FIGURE 6: Sequence-dependent properties of Sso10b2. (A) Average
backbone rmsd of the 10 best (lowest energy) structures relative to
the average structure calculated from the 10 structures. (B)
Experimental NH residual dipolar couplings (O) compared to those
calculated from the average structure (b). (C) Experimental15N
T1/T2 ratios ((1 standard deviation) (O) compared to those
calculated using the average structure (b). Calculated values are
only shown for those used in the structure refinement. (D) Measured
{1H}15N NOEs ((1 standard deviation) (E) Generalized order
parameters (S2) of NH vectors calculated from15N relaxation data.

FIGURE 7: Distribution of hydrophobic, charged, and nucleic acid
binding residues in dimeric Sso10b2. Hydrophobic residues are
colored yellow in (A), and positively charged residues are colored
blue, and negatively charged residues are shown in red in (B). H19
is indicated in yellow in panel B. (C) Sso10b2 residues with
perturbed1H,15N HSQC cross-peaks due to single-strandedE. coli
DNA binding are indicated in blue, and additional residues
perturbed by yeast RNA are shown in red.
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Interestingly, RNA perturbed D59 in the loop before theâ3

strand, while DNA perturbed the nearby V61 and L63.

DISCUSSION

Sso10b2 has been shown to be a highly stable and well-
behaved member of the Alba family of proteins that is
amenable to NMR structural studies as well as biophysical
characterization of solution properties. The conformational
heterogeneity previously described in NMR studies of the
homologous Ssh10b (41) was not observed for Sso10b2. A
temperature-dependent conformational transition in Ssh10b
(from 10 to 60°C) has been shown to be due to cis-trans
isomerization of the L61-P62 peptide bond in that protein
(41). Comparable behavior is expected for Sso10b (Alba)
based on a similarly positioned proline, although NMR
studies of Alba have not been reported to our knowledge.
The absence of a similarly positioned proline in Sso10b2
leads to a single protein conformation under conditions
suitable for long-term NMR data accumulation and has
facilitated the determination of a high quality NMR solution
structure.

The centrifugation, DSC, and NMR data presented here
demonstrate that Sso10b2 exists predominantly as a dimer
in solution below pH 6, with increased tendency for higher
order oligomers near the growth temperature at pH 7.
Previous crystal structures have indicated that members of
the Alba family of proteins are able to interact via at least
three different interfaces. The NMR structure demonstrates
that below pH 6 dimerization occurs in solution via the
interface observed in crystal structures with the largest buried
surface area (interface I). The interface is entirely composed
of hydrophobic and hydrogen-bonding interactions, with no
evidence for salt-bridge or ion pair networks that are often
thought to be important in stabilizing oligomeric hyperther-
mophile proteins (43-45).

The charge distribution in Sso10b2 is anisotropic, with a
significant positive charge density found on the surface
defined by the C-termini ofâ-strandsâ1, â2, andâ3 (Figure
8). This surface contains 12 arginines in the dimer. A large
part of these are contributed by the RDRRR sequence in the
loop separating theâ3 and â4 strands. Arginine-rich se-
quences are common in RNA binding proteins (42, 46). This
region has been previously argued to be a likely site for
nucleic acid binding (14), and the NMR titration data

presented here confirm this. Most importantly, the motif is
not conserved in the Alba family, which may indicate that
these proteins can serve a number of roles. The location of
the motif in the turn between theâ3 andâ4 strands coincides
with the region of the homologous DNase I which interacts
with DNA. The NH of the central arginine (R75) in the motif
was one of the most perturbed of all NHs in the DNA and
RNA chemical shift perturbation titrations. This arginine is
highly conserved in all the Alba-like proteins. It is notewor-
thy that the length of the “arm” containing this motif is
significantly shorter in Sso10b2 than in other Alba proteins,
such as Sso10b (Figure 9). In addition, this arm is less
extended in the solution structure of Sso10b2 than in the
crystal. The NMR relaxation data indicate significant flex-
ibility in the arm which may explain this difference.
Flexibility may be important in allowing adjustment of the
structure to fit various nucleic acid targets.

Although Sso10b2 is highly charged, it contains a sig-
nificant number of surface hydrophobic residues. These are
present not only on the interface involved in dimerization
but also on the surface of theR1-helix as well as on the face
of theâ-sheet opposite to that involved in dimerization. The
R1-helix is especially interesting since it contains residues
perturbed by both DNA and RNA binding, although it
contains no positively charged residues other than H19 which
is largely buried in the hydrophobic core. In contrast, the
solvent-exposed surface is entirely negatively charged, and
these charges are located at the N-terminus adjacent to the
putative nucleic acid binding site. TheR1-helix is involved
in protein-protein interactions in a number of crystal
structures of Alba proteins and has been proposed to be
involved in a dimer-dimer interface in Af1 (15). The
perturbations observed with nucleic acid titrations may not
be due to interactions with theR1-helix but rather perturba-
tions of protein-protein interactions involvingR1-R1 in-
teractions as observed in the crystal structures of Af1 and
other Alba proteins (interface II). These may be present in
solution or may be created upon nucleic acid binding due to
cooperative interactions.

It is interesting to note the locations of conserved residues
in the Alba family of proteins (Figure 1). Many of the more
conserved residues play a structural role in defining the IF3-
like fold; for example, V34 and L36 contribute to the
hydrophobic core, and G40 is apparently necessary for the
tight turn at the end ofâ2. V47 and L63 on the other hand
define the dimer interface, and interestingly, these are
conserved in theArabidopsisand human proteins. Conserved
residues on the surface may play a more functional role, for
example, K14, L57, and R75. K14 is especially interesting
because it is homologous to the residue acetylated in Sso10b
and is conserved even in the human homologue. The exposed
hydrophobic residue at position 57 is involved in protein-
protein interactions at interface II in some of the crystal
structures. It is also adjacent to residues perturbed by nucleic
acid binding (Figure 1), and a proline at this position resulted
in two conformations in Ssh10b (41).

Two-State Structural Transition Preceding Unfolding.The
thermal unfolding of Sso10b2 is unusual in that the protein
undergoes a two-state structural transition at moderately high
temperature that is distinct from dimer (or oligomer) dis-
sociation and unfolding. Dimer dissociation occurs in a
second DSC transition at even higher temperature coincident

FIGURE 8: Nucleic acid binding by Sso10b2. Reverse titrations of
Sso10b2 in 0.01 M KH2PO4 buffer (pH 7, 20°C) with double-
strandedE. coli DNA (O), single-strandedE. coli DNA (b), and
yeast RNA (2) monitored by fluorescence. Details are provided in
the Materials and Methods. The solid lines are the best fits of the
data using the McGhee-von Hipple model for nonspecific binding
to an infinite lattice.
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with unfolding. CD spectra indicated that the first transition
is associated with conversion of a significant portion of
R-helix to â-sheet and some increase in random coil. The
magnitude of the enthalpy change associated with the
transition is large and on the order of that expected for
complete unfolding of a protein of comparable size (47).
Although the cooperativity of the transition increases at pH
7 (∆Hcal/∆Hvh ratio < 0.5, indicating increased size of the
oligomer participating in the transition), the transition
temperature remains independent of concentration and
therefore does not represent a change in oligomeric state.
While the DSC data may indicate increased oligomerization
near neutral pH, this does not necessarily mean that higher
order oligomers occur at lower temperature where many
physical measurements of molecular size are commonly
performed (e.g., gel filtration chromatography, electrophore-
sis, chemical cross-linking, and analytical ultracentrifuga-
tion). The equilibrium constant for tetramer and higher order
oligomers may be temperature-dependent such that pro-
nounced oligomerization may be obvious only at higher
temperature approaching the growth temperature ofS.
solfataricus. Previous NMR studies of Ssh10b indicated two
conformational states, but this was due to cis-trans isomer-
ization of a single proline which is not present in Sso10b2.
The possibility remains, however, that the two-state transition
observed here is related to that seen in Ssh10b and that the
presence of proline in that protein shifts the midpoint of the
equilibrium to lower temperature. The extent of the structural
change due to proline isomerization in Ssh10b has not been
described.

Chemical denaturation of Sso10b2 at pH 7 is consistent
with the same three-state model used to explain the DSC
results, and the thermodynamic parameters determined by
chemical and thermal denaturation agree relatively well with
each other. The absence of a change in protein anisotropy
in the first transition indicates that this transition is due to a
conformational change in the dimer with little alteration of

hydrodynamic properties. The second transition, however,
exhibits a large change in anisotropy, as expected for protein
unfolding to extended chains. Furthermore, the chemical
denaturation analysis indicates that the N2 state becomes
significantly populated at high temperatures, and thus,
thermal unfolding proceeds through an N2 intermediate. In
contrast, chemically induced unfolding at low temperatures
proceeds directly from the N1 dimer state to unfolded
monomers without undergoing the N1 to N2 conformational
transition.

Comparison of NMR and X-ray Structures of Sso10b2.The
NMR solution structure and crystal structure of Sso10b2 are
in good agreement with a 2.1 Å rmsd for the CR atoms.
The greatest variation occurs in the N-terminus which is ill-
defined by both the NMR and X-ray data. More importantly,
the relative alignment of the two monomers differs slightly
in the two structures, with the NMR structure slightly more
compact than the X-ray structure. The position of C-termini
of the R1-helices in the NMR and X-ray structures differs
by about 4 Å. In addition, the two “arms” are splayed
outward more in the X-ray structure than in the NMR, so
that the CR carbons of R75 are about 4 Å further away from
the center of the dimer in the X-ray structure. The difference
most likely results from a flexibility in the arms and
adaptation to the packing forces in the crystal.

IF3-like Proteins and Nucleic Acid Binding.Members of
the Alba family show significant structural homology to the
C-terminal domain ofB. stearothermophilusIF3, the IF3
subunit of the 30S ribosome ofThermus thermophilus,and
the N-terminal domain of bovine pancreatic DNase I.
Structures of all three have been determined in complex with
nucleic acid, and it is reasonable to ask if these can be used
to propose a structure for an Sso10b2-nucleic acid complex.
Unfortunately, such an approach does not appear promising,
since the nucleic acid binding sites in DNase I and the IF3
proteins are significantly different. Theâ-hairpin loop in
DNase I plays an important role in binding to the minor

FIGURE 9: Comparison of the NMR solution structure of dimeric Sso10b2 (2A2Y) to the X-ray crystal structures of Sso10b (Alba) (1HOX)
and Sso10b2 (1UDV). The monomers in each are distinguished by blue and red shading.
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groove of DNA, while in IF3, the primary RNA interaction
involves theR1-helix. Chou et al. (14) have argued that K12,
K14, and H19 in Sso10b2 are homologous to R89, K102,
and F99 in IF3-C. The evidence for this is not exceptionally
strong. While H19 (in Sso10b2) and F99 (in IF3-C) are both
buried at the interface betweenR1 andâ1, K12 and K14 are
in the loop between the two segments in Sso10b2, and R89
and K102 are in the middle ofR1 andâ1 in IF3-C and are
not similarly positioned. Finally, the symmetry of the
Sso10b2 (and Sso10b) dimer has no analogue in the IF3 and
DNase I structures. A more productive understanding of
nucleic acid binding by members of the Alba family must
await determinations of structures of the proteins complexed
to RNA and DNA.
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