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ABSTRACT: Sso010a is one of a number of DNA-binding proteins from the hyperthermoghifelobus
solfataricusthat has been associated with DNA packaging and chromatin regulation. Sequence analysis
indicates that it is a member of a conserved group of archaeal transcription regulators (COG3432). We
have determined the solution structure of Sso10a and show that it is a homodimer of winged-helix DNA-
binding domains. The dimer interface consists of an extended antiparallel coiled coil, with the globular
DNA-binding domains positioned at opposite ends of a solvent-exposed coiled-coil rod. NMR structure
refinement of the elongated structure benefited not only from the inclusion of residual dipolar couplings
from partially aligned samples but also the influence of anisotropic rotational diffusion on heteronuclear
relaxation. An analysis of backbone mobility usitiyl relaxation rates indicated that the overall tertiary

and quaternary structure is largely inflexible on the nanosecond to picosecond time scale. Amide hydrogen
exchange data demonstrated that the most stable region of the protein extends from the core of the winged
helices into the coiled coil. The positions of the globular heads relative to the coiled coil in solution
deviate only slightly from that observed in a crystal structure. The most significant difference between
the solution and crystal structures occurs in the putative DNA-binding helix-turn-helix (HTH) motif. This

is the region of lowest stability in solution and a point of protgmmotein contact in the crystal. Alternative
conformations of the HTH motif may permit adjustment of the structure for optimal DNA binding.

The hyperthermophil&ulfolobusexpresses a number of “clumps” leading to super-twisting of closed circular DNA
relatively abundant, small DNA-binding proteins that are (15). Sedimentation equilibrium studies on Sac10a showed
thought to be involved in chromatin packaging and regulation that the protein was dimeric and highly elongat&8)( The
of gene accessibilityl{ 2). Because of the relative simplicity  coiled-coil prediction program COILS216) indicated a
and high thermal stability of these systems, they are strong tendency to form a coiled coil involving an extended
especially attractive for structural thermodynamic studies of C-terminal helix of 36 residues or 9 heptad repeats (38% of
chromatin and DNA binding. Recent data indicate that the sequence). Interestingly, initial attempts at crystallization
regulation of chromatin organization and gene expression of Sso10a resulted in crystals with fiberlike scattering patterns
in the archaea may resemble that found in eukary@est(  (17). This evidence indicated that Sso10a and homologous
is noteworthy that the DNA-binding affinity of Sso10b, or  proteins might provide an opportunity to explore the structure
Alba, is modulated by deacetylation by Sir2).( The and stability of a hyperthermophile coiled coil as well as
monomeric 7-kDa Sac7d and Sso7d have been the besbNA binding. We have therefore initiated a study of the
characterized members of this group, with detailed nuclear structure of Ssol10a using both X-ray crystallography and
magnetic resonance (NMR), X-ray, and calorimetric studies NMR. The crystal structure of Ssol0a has been presented
of the proteins in solution as well as bound to DNA(  g|sewhere14), and we present the NMR solution structure
12). o . . here along with NMR data describing the distribution of

We have initiated studies of a third member of the gtapjlity and flexibility in the protein. The highly nonspherical
Sulfolobuschromatin proteins known as Sull0a, with specific srycture of Sso10a has made it an excellent candidate for
studies of Sacl0a froi8. acidocaldariusaind Ssol0a from  giryctural refinement using both residual dipolar couplings

S. solfataricug(13, 14). Early electron micrograph studies (Rpcsy as well as rotational diffusion anisotropy restraints
demonstrated that native Sacl0a bound to DNA forming gptained fromisN relaxation data.
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MATERIALS AND METHODS mixing time). Side-chain carbon and proton assignments were
. . . obtained using a combination of CCC-total correlation

Protein PreparationThe gene for the Ssol0a protein was spectroscopy (TOCSY)-NNH, HCCH-TOCSY, and HCC-

identified in the genomic sequence $f sqlfataricus(la) _TOCSY-NNH spectra. An HBéCBGCCBGCACbNNIﬂZ)

and was cloned and expressed as previously described iny,neriment was used to assign the side-chain carboxyl car-

RossettaBlue (DE3) pLacl cells (NovagehY). Escherichia bons of the acidic amino acid&la-coupling constants

coli cells were grown at 37C, and protein expression was \yere ohtained from an HNHA spectrurd). Intramolecular

performed at 29C in standard LB medium. After induction 1y 13y 1 slear Overhauser effects (NOES) were obtained from

with 1 mM ITRG, cells were incubatedif@ h and harvested |,y 3p15N-edited and*C-edited NOESY experiments (with
by centrifugation and stored at80 °C. Frozen cells were 154 g mixing times).

thawed, suspended in cold Tris-ethylenediaminetetraacetic 12 filtered. 13C-edited NOESY s i

. . - , 1°C- pectra (150 ms mixing
E%?’,&EDTﬁ)sbggeg) (1109 _rlr_1M Tr)'?TO%I at 5'3 g'ool\’/l }DOMrgll\:/' time) were acquired at 18.7 T to obtain intermolecular

atpH 8.00, 0.1% Triton X-100, and 0.5 m ), distance restraints as described elsewtgte Equal amounts

and lysed by sonication. A DNAse-I treatment was performed (13 mg each) of3C 1*N-labeled and unlabeled Sso10a were
at 42°C, and the lysate was incubated at*Dfor 30-40 mixed and unfolded through incremental addition of guani-
min tp precipitateE. coli proteins. The crude .extract Was - dinium hydrochloride to a final concentration of 6 M.
centrifuged at 3000 the supernatant was filtered (0.45 Refolding was induced by a 10-fold dilution of the sample,

wm filter) and loaded on an Amersham Hi-trap SP cation- and the denaturant was removed by extensive dialysis. The

exchange column in 10 mM KIPQO, at pH 7.0; and the . . .
; . : . sample was lyophilized and dissolved in 99.99%OCfor
protein eluted with a linear NaCl gradient{@.0 M) at room NMR data collection.

temperature. Matrix-assisted laser desorption ionization time- Amide hydrogen exchange data were collected Lihg
of-flight mass spectrometry, sodium dodecyl sulfgpely- 15\ HSQC spectra collected at 18.7 T with 5 mg of

acrylamide gel electrophoresis, and N-terminal SequencmgIyophilized15N-IabeIed Sso10a dissolved in 700 of 99.9%

were used to confirm the identity of the protein. The N . . X
terminus showed no initiating methionine. The typical yield D20 in .10 mM potassium acetate at pH 7.0 anc’80with
approximately 1 mM Nail Spectra were collected on a

was 13 mg of protein/L of culture. UniforAiN- and3C,'>N- : .
labeled protein were prepared by expression in minimal S"’?mp'e stared at 3@ over a period of 3 weeks W't.h 45
min accumulation times for each spectrum. The time of

media containing®NH,CI as the sole nitrogen source and i . .
13C glucose as the sole carbon souncai2 L Bioflo 3000 protein—buffer mixing was recorded as the zero time of the
exchange process.

(New Brunswick, NJ) fermentor. IH-15N RDC measurements were made at 18.7 T using
NMR SpectroscopyNMR data for assignments and partially aligned**N-labeled Ssol0a in a liquid crystalline

structure refinement were collected on Varian INOVA 500 media of n-alkyl-poly(ethylene glycol) and hexanols).

MHz (11.7 T) and 800 MHz (18.7 T) NMR spectrometers Aligned samples were made in 90%®110% D,O with 5%

with 5 mm triple resonance probes with pulse-field gradients . .
v : oAy : n-dodecyl-penta(ethylene glycol) (C12E5) (Sigma) with a
(z-axis gradients on the INOVA 500 and triple-axis gradients C12E5/hexanol molar ratior) of 0.87. Aligned and un-

on the INOVA 800). All NMR spectra were acquired with aligned spectra were obtained at 35 and@5respectively
a sample temperature of 3€ unless indicated otherwise ) . . n
P b Single-bond'H->N RDCs were obtained using the Varian

(e.g., in partially aligned media). Samples were prepared by =.
dissolving lyophilized protein in 708L of 90% H,0/10% BioPack!H-1"N HSQC-IPAP pulse sequence. Raw data sets

D,0 or 99.99% DO, and the pH was adjusted to 5.0 using pontained 5,12 d?ta .points_ in thél dimen;ion and 2,56
a glass electrode with no correction for the deuterium isotope I"CTeMeNts in théN ds|me_n3|on._ Data were linear-predicted
effect. The concentration of protein was approximately 10 by a factor of 2 in thé>N dimension and zero-filled to obtain

mg/mL for spectra of5N-labeled protein and 25 mg/mL for 1024 1024 (H x **N) data points in the final spectrum.
15\,13C-double-labeled protein. Sample concentrations were RDCs were extracted using in-house NMRView scripts.

0, 1 15 15 i i i i
determined using an extinction coefficiedOf ) of 0.46 {*H} ™N NOE, and™N longitudinal relaxation timeT)
mL mg* cm, calculated from the amino acid composition and rotating frame relaxation timé&,f,) measurements were

(19). Data processing was performed using VNMR (Varian, performed at 11.7 T using sensitivity-enhanced-gradient
Palo Alto, CA), FELIX (Accelrys, San Diego, CA), or selected HSQC pulse sequencg§, 7). 'H saturation for
NMRPipe @0). Sequential assignments were made using { } "N NOEs was obtained using a series of 128 pulses

NMRView (21) with in-house scripts adapted from those with 5 ms separation. Saturation was performed for 5 s, with
kindly provided by Dr. P. Legault (University of Georgia). a total recycle delay of 10 s for both saturated and unsaturated

Sequential assignments were obtained using a combination?Xpeg)'(rSSrr;:Ts]éﬁtuspF\’I\rlzzs'gEtg{ncggsi';ﬂgeZt'ﬁgiﬁffiﬁgs;ase
1p

of 1H-1N heteronuclear single quantum coherence (HSQC) . )
and 3D HNCOCA, HNCA, HNCACB, and CBCA(CO)NH altqrnated,srandpm lengthl continuous wave pulses applied
experiments at 18.7 T. Backbone carbonyl carbon resonance u2r|ng the'™N sgln lock €7). T, delay tlrgeszw ezje IO.09_, 0.18,
were assigned using 3D HNCO. Sequential amide proton 0-29: 0-40, 0.52,0.66, 0.81, 0.99, and 1. 55' elay t'meT_
assignments were confirmed using a 38-edited nuclear ~ We'® 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, and 0.08 s. Duplicate

1 15] i i
Overhauser effect spectrometry (NOESY) spectrum (150 mst H} .N NOE experiments and dupI|cat<_aslérf\l TiandTy,
experiments at three different delay times were used to
— : - estimate uncertainties in peak intensitiesandT,, data were
longitudinal relaxation rate (If); R, transverse relaxation rate (1/ fit with the CURVEFIT module of MODELFREE 28)
T,); RDC, residual dipolar coupling; rmsd, root-mean-square deviation; - ’
Tm, overall rotational correlation timds, longitudinal relaxation time;  1ransverse relaxation rateByf were calculated fronR,

Ty, rotating frame relaxation timef,, transverse relaxation time. rates as described by Korzhnev et &7)( The errors in
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measured longitudinal relaxation rat), R,, and NOE Refinement of the dimer structure using Xplor-NIB2j
values were 0.03, 0.22, and 0.03, respectively. (version 2.9.6) included intra- and intermolecular NOE,
Structure Calculationlnitial unambiguoustH-*H NOE dihedral angle, coupling constant, and hydrogen-bond re-

assignments (180 total) were obtained manually using straints. Three additional sets of refinements were performed
NMRView (21). Subsequent NOE peak assignments were using (1) ®N Ti/transverse relaxation timeT4) data, (2)
achieved semiautomatically using ARIA (version 1.29)( RDCs, and (3) both RDC an@N T,/T; restraintsT; andT,
interfaced to CNS (version 1.13@). In each ARIA iteration, relaxation times were used for restraints for only those amide
distance restraints were calibrated and NOE assignmentsnitrogens (54 total) that were (1) in a defined secondary
were refined based on an ensemble of the lowest energystructure indicted by the refinement up to this point and (2)
structures from the previous iteration. A preliminary structure did not fall in suspected mobile regions as indicated by
of a monomer of Ssol0a was computed using ARIA/CNS significantly low{H}*N NOEs. Xplor-NIH internal dynam-
starting from a random chain. Input to ARIA consisted of ics were used with an initial equilibration at 3000 K, slow
15N-edited NOESY andC-edited NOESY cross-peak lists, cooling to 100 K with 50 K temperature decrements,
144 dihedral angle restraints generated from chemical-shift followed by energy minimization. During both the equilibra-
indices (CSI), and 88 ambiguous hydrogen bonds generatedion and cooling phases, distance restraint force constants
from CSI values. Default values of the CNS torsion-angle were increased from 5 to 50 kcal/mol, and force constants
molecular dynamics parameters were used with an initial for dipolar coupling andT./T, restraints were increased
equilibration temperature of 10 000 K followed by cooling during the cooling phase from 0.01 to 1.0 and 0.5 to 5.0,
stages to 1000 K and then 50 K. The resulting structures respectively. For refinements that included dipolar coupling
showed a globular fold for residues-60 in good agreement  and/orT./T- restraints, a grid search was implemented at each
with single monomers in the unit cell of the crystal structure, temperature change during the simulated annealing to find
which was determined simultaneously in collaboration with optimal values oD, D\/Dg (i.e., the ratio of the principal
Dr. Liging Chen (4). Preliminary monomer structures along and minor axis components of the molecular diffusion
with amide hydrogen exchange data allowed the identifica- tensor),R (rhombicity), and the overall rotational correlation
tion of 41 intramolecular hydrogen bonds that were used astime (rn). The final values characterizing the molecular
input restraints for further refinement. An extended C- alignment tensor were B, of 16.0 Hz and a rhombicity of
terminal helix predicted by CSls was observed to fold onto 0.24. The rotational diffusion anisotropy defined by #hé
itself in the monomer structures generated from the NMR T, restraints converged to@/Dg of 2.0 with a rhombicity
restraints. This helix was previously predicted to form a two- of 0.05 and an overalt,, of 13.7 ns.
stranded coiled coil using COILS2, and ultracentrifugation ~ The 10 lowest energy structures from Xplor-NIH refine-
data confirmed that the protein was dimeric in solution ments were used to define an ensemble of NMR structures
(13, 14). obtained for each refinement protocol. An average structure
Measured RDCs were found to be in good agreement with for each ensemble was obtained by averaging the coordinates
those calculated with REDCAT3() using dimeric Ssol0a  of the structures in each and subjecting these to restrained
generated from the crystal data. The crystal structure wasenergy minimization. In addition, a representative structure
therefore used as an initial structure for refinement of the was chosen from each ensemble based on the lowest
dimer in solution using NMR restraints with ARIA/CNS, backbone root-mean-square deviation (rmsd) relative to the
which was modified to permit refinement of homodimers average structure. The quality of the final structures was
(B. Jordan, personal communication). Input consisted of the analyzed using PROCHECK-NMR. The coordinates and
same 'H-'H NOEs used for the monomer refinement resonance assignments have been deposited in the Protein
described above plus noncrystallographic symmetry restraintsData Bank (PDB 1XSX) and the BioMagResBank (BMRB
to enforce a symmetric dimer, RDCs (52 per monomer), 5891).
hydrogen bonds defined by hydrogetieuterium exchange {*H}*5N NOE and'N Relaxation Data Analysi$H} N
(41 per monomer), and unambiguous intermolecular NOEs NOE and'®N T, andT, relaxation data were analyzed using
assigned from &2C-filtered, 1°C-edited NOESY spectrum MODELFREE4 with an axially symmetric anisotropic
(34 per dimer). Intermolecular NOE restraints were recali- rotational diffusion model. Values fdd,/Dp (2.09) and the
brated during each ARIA iteration, but ARIA was not overall rotational correlation time: (13.8 ns) were obtained
permitted to reassign them. Initial estimates of the axial and by optimization of the global diffusion model using only
rhombic components of the RDC tensor were calculated from those 'H,!>N pairs in defined secondary structure with
the dimer crystal structure using REDCAT (viz. axial {*H}!N NOEs at the upper extreme of the observed range.
component of the molecular alignment tensbg)(= 12.3 Order parameters were determined using MODELFREEA4,
Hz, and rhombic component of the molecular alignment with model selection made using 95% confidence limits, as
tensor for partially aligned sampleR)(= 0.29). Simulated described in the software manual.
annealing was performed in CNS using Cartesian molecular Amide Hydrogen Exchange Analysfsmide hydrogen-
dynamics with an initial temperature of 1000 K using the deuterium exchange was followed with'>N HSQC spectra
default parameters. The force constant for dipolar coupling at 18.7 T. Peak intensities were quantified by & 3 points
restraints was ramped from 0.1 to 1.0 during simulated volume integration using FELIX, and the time dependence
annealing. All ambiguous distance restraints with contribu- of the volumes was fit to a general first-order exponential
tions from other atom pairs besides those of the symmetry- functionV(t) = a + b(1 — exp(—keX)) to obtain the exchange
related subunit were deleted from the final set of restraints rate constants.,. The intrinsic rate constant of exchange,
determined by ARIA, and these were used for Xplor-NIH ki, for each amide proton at the pH and temperature of the
refinement. experiment was calculated as described elsewt88e (
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FiGurRe 1: Amino acid sequence of recombinant Sso10a withelix (cylinders) ang3-strand (arrows) secondary structure derived from
the NMR solution structure. The heptad repeat assignment from COILS2 and verified by the NMR structure is indicated belmfv helix
The bold bracket indicates the locations of D69 and K86, which are involved in intermolecular interactions wign# &9, respectively,
of the other monomer at the coiled-coil interface.

106 2638 extensive secondary structure with fawhelical segments
(L7-K18, K23-G29, S33-46D, and K61-V90) and twb
&2 63 strands (501-53E and Q56-T60).
T i —— Tertiary and Quaternary Structur&dlMR restraints were
" - used to define an initial monomer structure with ARIA/CNS,
.'Tb—‘;" which contained a well-defined globular domain with a
—_ winged helix fold. The C-terminad4 helix was not well-
g_ o CW'SiZgz defined in these initial refinements, possibly because of
e ® o’ Nt incorrect assignments by ARIA of intermolecular cross peaks
W6 s [ngeg g S L to intramolecular interactions. CSls indicated that the C
z ,N7'.521 do g terminus from K61 to V90 was an extended helix, which
st ss @' oo 08°2 oz .m,m was predicted to form a coiled coil using COILS2. Because
uef .K084° pos '. o &y R25 dimer formation was indicated by both ultracentrifugation
21 N Al 16 s and differential scanning calorimetry (DSC), it was concluded
Ao ) o Kag\olgooﬂ.!s - that dimerization most likely resulted from the predicted
o0 goret 0% o P 6:370“4 0sg o4 coiled coil (L4). A parallel coiled coil seemed unlikely given
D K0y, [ P oy 4 the presence of D69 in theeposition of the predicted heptad
25 55 o4 o g1 B 79 g327 B2, repeat pattern (Figure E¥C-filtered,**C-edited NOESY da_ta
0095 ”ﬁ*MWLsgoF‘ZQ gﬁi éa using a mixture of unlabeled aA#C-labeled Sso10a supplied
5 .738? A s intermoleculafH-'H NOEs, which demonstrated that dimer-
e . T . ization in solution resulted from formation of an antiparallel
9.0 85 8.0 75 70 65 coiled coil. This was confirmed by a crystal structure
H1 (ppm) determined in collaboration with Dr. L. Chen, which showed

FIGURE 2: IH-15N HSQC spectrum of Ssol0a at pH 5.0 and 30 @ Single monomer in each unit cell with packing of adjacent
°C. Sequential assignments are indicated adjacent to each peakextendeda4 helices in an antiparallel orientatiori4).
Asparagine and glutamine side-chain correlations are indicated with Finally, 'H-'>N RDCs for Sso10a in solution were in good

horizontal lines. The crowded central region of the spectrum agreement with those calculated using REDCAT from the
(enclosed by the box) is expanded in the inset at the lower right. crystal structure of the dimer with an antiparallel coiled coil.
RESULTS The dimer structure obtained from X-ray crystallography was
therefore used as an initial structure for refinement using
only NMR restraints (see the Materials and Methods). The
final refinement with Xplor-NIH included 1231 intramo-
lecular and 83 intermolecular distance restraints, 144 torsion-

95 residue monomer chains (Figure 1). Under low-salt 2n9le and 41 hydrogen-bond restraints, 52 RDCs, and 54
conditions, a well-resolvedH-13N HSQC spectrum of Ti/T, ™N relaxation time measurements (Figure 3). For
Sso010a was obtained at 18.7 T with 90 of the expected gzcomparison, structures were also determined without RDCs

HSQC peaks resolved (Figurd.ZThe protein contains a and!®N relaxation data, and these will be discussed below
single proline. Cross peaks for K2, K3, and K4 were after describing the structure obtained from the complete set

overlapping, and M45 could not be observed. Three residues?f restraints. Refinement statistics are summarized in Table
showed unt,JsuaIIy intensiH-15N cross peaks, and these 1. An ensemble of the 10 lowest energy structures (Figure
proved to originate from C-terminal residues (193, R94, 4A) showed an rmsd of 0.56 A over the backbone secondary

andQ95) with significant flexibility demonstrated Bgn  Structural elements and 1.10 A for all backbone atornts (C
relaxation studies (see below). K23 and Y34 gave very weak C @nd N). A ribbon diagram of the structure with the
cross peaks ifH-1"N HSQC spectra. Backbone assignments smallest rmsd to th(_e average .NMR strupture is shown in
(98% complete) were obtained using a standard set of triple Figure 4B, along with the major and minor axes of the
resonance experiments (HNCA, HN(CO)CA, HNCACB, molecular alignment and rotational diffusion tensors.
CBCA(CO)NNH, and HNCO), and side-chathl and'3C The refined NMR solution structure of dimeric Ssol0a
assignments (82% complete) were obtained with CCC- contains two globular winged helix domains separated by a
TOCSY-NNH, HCCH-TOCSY, and HCC-TOCSY-NNH. It  solvent-exposed, two-stranded antiparallel coiled-coil rod.
was not possible to unambiguously assign aromaticfihg  The globular heads contain three helices(L7-K18), a.-
and®C resonances because of significant cross-peak overlap(K23-A30), andas (Y34-L47), with potentially a shorf

CSl analysis of M, C*, C?, and C chemical shifts indicated  strand 81, S19-S21) connecting the first and second helices.

Resonance Assignments and Secondary Stru@&sml0a
is a highly basic DNA-binding protein with a calculated pl
of 9.75 (13 lysines, 7 arginines, 9 glutamates, 3 aspartates
and no histidine) and a molecular mass of 11.1 kDa for the
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Ficure 3: Sequential distribution of NMR restraints used to define the solution structure of Sso10a. (Top) hydrogeflhandsoupling
constants, dihedral angles from CSHsl-15N RDCs, andT,/T, ratios from°N relaxation data. (Bottom) Number 8H-'H NOEs per
residue, showing intraresidue NOEs (open bars), medium-range (green bars) and long-range (blue bars) interresidue NOEs, and intermolecular
monomer-monomer NOEs (red bars) obtained from?@-filtered, 13C-edited NOESY spectrum of a 50:50 mixture of uniformfz-

labeled and unlabeled Ssol0a.

Table 1: Statistics for the Refinement of the NMR Solution
Structure of Ssol10a

coordinate rmsd (A)

backbone (2structure only) 0.56

backbone (all residues) 1.10

all heavy atoms 1.49
number of restraint violatios

NOE distances 0.5 A 2.0

torsional angles- 10° 4.6

SJHNHa >1Hz 50.7
rmsd of basic restraint violations

distance restraints (A) 0.06

torsional angles (deg) 2.49

3~]HNH¢1 (HZ) 1.25

rmsd of alignment and rotational diffusion restraint violations

dipolar coupling (Hz) 1.02
T4/T, relaxation 0.77
rmsd from ideal geometry
bonds (A) 0.003
angles (deg) 0.52
impropers (deg) 0.54
Ramachandran plot statistics (%)
most favored 77.7
allowed 15.3
generously allowed 4.9
disallowed 2.1
rmsd between NMR and X-ray structures {A)
dimer 2.16
monomer 1.41
coiled coil 1.11
winged helix 1.19

aThe number of restraint violations for the NMR structures was

averaged over the ensemble of best structures, and therefore value

are not integers’ rmsd between the backbone atoms of the average
NMR structure and the X-ray crystal structure.

These are followed by a two-strand@dibbon (the “wing”)
composed of5, (149-E53) and3; (Q56-L59). The extended
strand (which we will refer to agl) between helicesl

and a2 lies adjacent to the wing and may form a three-
strandedf sheet with the wing with one hydrogen bond
indicated by the structure. A fourth helixys (T60-S92),
immediately follows the wing and extends 45 A with at least
eight turns. Thea4 helix leads to dimerization through
formation of an antiparallel coiled coil with another mono-
mer. The distance between the distal ends of the two wings
defined by the G54 €in each monomer is 77 A, and the
distance between centers of th8 helices (defined by the
R39 C in each) is 53 A. A natural twist conferred by the
coiled coil results in a relative angle between tt8helical
axes of the two globular subdomains of about.70

The sequence dependence of the backbone rmsd of the
10 structures in the lowest energy ensemble indicates that
the greatest imprecision occurs at the N and C termini and
also at the transition from the2 to a3 helices. The
pronounced decrease in backbone rmsd values over the coiled
coil (Figure 5A) is at least in part due to the alignment of a
set of prolate ellipsoids.

Overall Correlation Time and Rotational Diffusion Ani-
sotropy. The Ssol0a dimer is highly elongated with ap-
proximately a 2:1 major to minor axis ratio. Structure
refinement with Xplor-NIH with!®>N T,/T, ratios resulted in
a rotational diffusion tensor characterized bp,#Dp of 2.0
and a rhombicity of 0.05 with an overall rotational correlation
time 7, of 13.7 ns. The low rhombicity demonstrates that
the anisotropic rotational diffusion can be assumed to be
axially symmetric. Optimization of the global diffusion model
in MODELFREE4 using®N relaxation data and an axially
symmetric anisotropic diffusion model resulted in an overall
rotational correlation timer, of 13.8 ns and a rotational
diffusion anisotropy characterized byDy/Dy of 2.09.
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A B C

Ficure 4: NMR solution structure of dimeric Ssol0a. (A) Overlay of an ensemble of the 10 lowest energy NMR structures defined by
Xplor-NIH with NOE distance restraints, CSI, amide hydrogen exchatiggy. coupling constants, RDCs, afid/T, 1°N relaxation data.
Structures were aligned using the backbone atoms in secondary structural segments (resi8u@s8-89, 3146, 50-53, 56-59, and

61-91), (B) Ribbon drawing of the structure with the smallest rmsd to the average NMR structure. The viewing angle is the same as in
A. The molecular alignment (gold) and diffusion (blue) tensor axes are shown for comparison. (C) Ribbon drawing of Sso10a showing the
location of the slowly exchanging amide protons characterized by PFs°afr If¥eater. The molecule is rotated 2&bout the long axis

relative to that in A and B. Color is used to highlight stable regions within specific secondary structural eleade(resd), C-terminal end

of a3 (cyan), the “wing” (green), and coiled coil (blue). The side chains of D69 (red) and K86 (blue) are displayed using ball-and-stick
representations to demonstrate their locations at the coiled-coil interface. Helieest and the “wing” (w) are labeled in C.

The >N Ty/T, ratios for Ssol0a (Figure 5) occur in four data) but is due to the fact thatNH vectors deviate by about
distinct blocks encompassing residues2®, 25-33, 34 13 from the axis of am helix. Because the helices wrap
60, and 6191, with the most prominent difference occurring around the long axis of the coiled coil, some of the-iNI
for the last two. TheTy/T, ratios for residues 3460 are vectors are aligned closer to the major tensor axis, while
relatively constant at about 12, followed by an average of others deviate significantly away from the axis. The oscil-
about 20 for residues 6191. Residues 3460 encompass lation in T1/T, values was fit well by the refinement using
helix a3 and the3-ribbon “wing”, both of which have N-H the relaxation data as restraints (Figure 5). Similarly,Tifie
vectors oriented largely perpendicular to the major axis of T ratios for segments-520 and 25-33 can be correlated
the diffusion tensor of the dimer. These vectors experience with the angle that the respective heliced @ndo2) make
the most rapid rotational motion in the molecule because of with the major diffusion axis, with thel axis nearly midway
rotation about the long axis of the dimer and therefore exhibit between that fonr3 ando4 and thea2 axis similar to that
the smallesTy/T ratio. The exception in this region is residue of a4.

48, which lies at the transition from3 to thes-ribbon wing, Internal Mobility and Model-Freé®N Relaxation Analysis.
and the N-H vector is almost parallel to the long axis. The Lipari—Szabo model-free formalisn84) was used to
Residues 6191 define the coiled coil, and the-N\H vectors analyze backbone flexibility in Ssol0a at 3@. N

are aligned roughly parallel to the major axis of the diffusion relaxation data for 71 of the amide nitrogens were fit using
tensor. As a result, they experience slower rotation about MODELFREE4 with an axially symmetric diffusion model.
the minor axes. Note that the dispersion in Th&, values Relaxation of half ;) of the N—H vectors could be fit to
over this region is not due to noise (compare to the 3@ model 1 in MODELFREE, which assumes that relaxation is



2828 Biochemistry, Vol. 44, No. 8, 2005

3.0

1 1 T 1 1 k T 1 1 T )
i Al
E—, 20 L 1
o
@
=
il
B
-
+ + ,'
“ sgEe 1y [glE, g FEERT
, ool B R e L]
e} @ 5
= 04 L i
e 4
02 | N
= 4
0.0 .
08
06
k)
04
02
0.0
10.0
T 80t
£
3 6.0
=
5] 40 |
20

0.0
40 60

Residue Number

50

70 80 90 100

Kahsai et al.

100

Relative Accessible Surface Area (%)

920

75

60
Residue Number

FIGURE 6: Solvent-accessible surface area of the side chains in
helix a4 of Ssol0a. The accessible surface area of the side chain
in the NMR solution structure—) is indicated as the percentage
of that observed in a tripeptide AXA calculated with Naccess using
a water probe of 1.4 A. For comparison, the results calculated using
the crystal structure of Ssol0a (1R7J) are also shown (- - -).

evidence for slow motions on the millisecond to microsecond
time scale in these helices. The more flexible regions
indicated by lower order parameters occurred in the vicinity
of G20 (& of 0.70), N31 & of 0.71), and at the C terminus
(L91, S92, and 193). Motions in the vicinity of G20 indicate
that thef1 strand does not form a stable three-stranded sheet
with the $2—53 wing. This is also supported by amide
hydrogen exchange data (see below). The increased flexibility
in the vicinity of A30 occurs in the loop betweear? and

o3, indicating that this portion of the helix-turn-helix (HTH)

FiGURE5: Sequence-dependent properties of Sso10a structure. (A)Motif is not rigid in solution. A smaller increase in flexibility
Average backbone rmsd of the ensemble of the 10 best structuresvas noted around G54, which coincides with the loop

relative to the average structure aligned using well-ordered second-separating the two strands of the wing. The h#tvalues

ary structure regions (see Figure 4). (B) Experimemtal, ratios
(O) [error bars indicatet1 standard deviation (SD)] and those

observed from T60 to V90 indicate the absence of significant

calculated from the NMR structure closest to the ensemble averageflexibility in the solvent-exposed regions of the coiled coil

(m). Calculated values are shown only for tho&éT, ratios that
were used for structure refinement. (GH} N NOE values with
error bars indicatingt1l SD (D) Generalized order paramet&@r
calculated from15N relaxation data using MODELFREE as

in the millisecond to picosecond time scale. The order
parameters in the vicinity of the unusually located D69 were
the highest observed, ranging from 0.91 to 0.94. All of the

described in the text. (E) Estimated free energies of local unfolding data in this region was fit with model & for G63 was
obtained from—RTIn(PF), where amide proton PFs were measured 0.91, and the relaxation data for this-Nl was also fit with

from amide hydrogendeuterium exchange rates.

defined by a generalized order parame®r an overall
rotational correlation timer,, and the rotational anisotropy
parameters obtained from optimization of the global diffusion
model described above. The majority of the remainirgHN
vectors were fit with model 2 of MODELFREE, which
includes an additional contribution from internal motions on
the picosecond time scale with a correlation tiraeOnly 4
N—H vectors required model 3 with the inclusion of Bg
contribution due to microsecond to millisecond motions

model 1.

Hydrophobic Core and Domain OrganizatioHelix a1l
is packed against the coiled coil with hydrophobic side chains
donated by L7, Q11, and L14. In addition, 19, 110, 113, and
C17 form a hydrophobic interface witki? ando.3 to define
a hydrophobic core with 126, L32, 141, L44, L47, 149, and
I50. The wing is largely composed of hydrophilic residues
except at the end where L59 is solvent-exposed prior to the
beginning of the coiled-coit4 helix with K61. L66, L67,
and 170 at the N-terminal region of the4 form a

(residues 9, 52, 79, and 80). Flexible regions in Sso10a arehydrophobic interface with the globular heads. The solvent-

indicated by the order parameters and {f}*>N NOEs

accessible surface areas of the side chains irohéelix

shown in Figure 5. The average order parameter for the show a characteristic 43 periodicity (Figure 6), which
secondary structure regions was 0.89 overall, with separatereflects the hydrophobia—d periodicity of the coiled-coil

elements having averages of 0.88], 0.91 (2), 0.89 (3),
0.90 @4), 0.85 1), 0.85 (32), and 0.87 f3). It is
noteworthy that$ throughouta2 and a3 helices was
consistently high £0.85) and that all of the data in this
region could be fit with either model 1 or 2. There was no

heptad 85—37). Thea andd residues are hydrophobic except
for D69 (with a solvent accessibility of 10% relative to an
extended chain). Finally, L91 at the C terminus of the coiled-
coil helices is inserted into the hydrophobic interface with
the second winged helix subdomain. The hydrophobic core
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of the coiled coil at its two ends is packed against the 8.0 —
hydrophobic cores of the two winged helices so that the cores
are continuous. The structure is consistent with a single z
cooperative domain, rather than separate winged helix andg
coiled-coil domains. z -

Amide Hydrogen Exchange and CooperatiCore Resi- 20
dues.The most stable core residues in Sso10a were defined
by native-state hydrogen exchange. A total of 31 amide
protons were observed to exchange yODover a period of
3 weeks at pH 7.0 and 3T (Figure 5). The most stable
regions of the molecule included many of the residues in
the al helix (red, Figure 4C) with protection factors (PFs)
on the order of 19 corresponding to AG of unfolding of i
about 7 kcal/mol (assuming EX2 exchange). In addition, the L L B B B BN B L
C terminus ofa3 (cyan) as well as the base of the “wing” ;
(green) and a significant portion of the antiparallel coiled o0 E s @0 8° & E
coil (blue) showed PFs from %o nearly 10 andAG values E‘_“ ; o 8 g‘ gﬁgg g%@ ]
for unfolding on the order of #9 kcal/mol. Less stable 15 F e g ®
regions indicated by complete amide exchange in less than : ?g& q?eag g@gi
an hour following mixing at pH 7 included the amino e
terminus, as well as the HTH motif including all a2, the o 1 20 30 ‘;‘Lsidu:%umbif 7080 %0 100
turn betweemn2 anda3, and a significant portion of3. . ,
The N—H of G63 was the most protected. with a loa(PE) of Ficure 7: Comparison of NMR and crystal structures. The

p ; ! g( ) sequence dependence of the rmsd of the backbone atoms of the

6.93 or aAG of 9.61 kcal/mol. G63 is at the N terminus of  average NMR structure relative to the X-ray crystal structure (top).
o4 and lies at the interface with the winged helix subdomain. The sequence dependence of experimental RD§$s(compared

About half of the amide protons in4 showed significant ~ t0 those calculated from the refined NMR structu®) @nd the

; ; ; P X-ray structure (1R7J) of Ssol0aly (middle). In addition, the
PFS with the level of protection reflectln_g_fi perlod|C|ty sequyence depen(dence) of experime%(ii(élrz ratio)s ©) is compared
similar to that observed for solvent accessibility (Figure 6). {5 those calculated from the NMR structur@)(and the X-ray

Free energies of unfolding for the protected protons in the crystal structurer{) (bottom). Vertical lines connect experimental
helix showed that the stability of the coiled coil was data and values calculated from the crystal structure to indicate
comparable to that of the winged helices. This is consistent locations in the sequence where the NMR data indicate differences
with the observation of a single endotherm in the thermal in the solution and crystal structures.
unfolding of Ssol0al4) and indicates that the protein folds
as a single cooperative domain, i.e., the coiled-coil an
winged helices are not separate cooperative domains.
Benefit of RDC and Rotational Diffusion Anisotropy
Restraints. The advantages conferred by RDC affiN
relaxation data in defining the Ssol10a NMR structure were e o
investigated by performing separate refinements using theShOWGd s_lgmflcant rhomb|§:|ty (0.24), apd better convergence
basic set of NMR restraints (NOE distance, dihedral angles was obtained when the d|polar couplmgs were '.nCIl_J.ded'
from CSI, 3Junma, and hydrogen-bond restraints) with and NonethelessT1/T, relaxation restraints had a significant
without RDC and!5N Ty/T, restraints. The results are €ffect on the final structures and resulted in models with

summarized here with details provided in tabular form in less deviation from the X-ray crystal structure. Using the
the Supporting Information. base NMR restraints, the _rmsd between NMR and X-ray
As noted above, there was a significant correlation betweenStructures were 4.2 A, which decreased to 3.0 and 2.6 A
the measured dipolar couplings and those calculated fromWith inclusion of dipolar coupling and 4T, restraints,
the X-ray structure with a correlation coefficient of 0.91 and respectively. The best agreement between the NMR and
a root-mean-square error of 6.4 Hz. The structures deter-Crystal structures (rmsd of 2.2 A) was obtained when both
mined using only the basic NMR restraints exhibited a RDCs and relaxation restraints were utilized.
slightly higher error of 8.7 Hz. As expected, agreement However, there are significant differences between the
between measured and calculated dipolar couplings improved\NMR and crystal structures as represented by the magnitude
significantly when dipolar coupling restraints were included of the NMR restraint violations in the crystal structure
in the refinement (rmsd of 0.7). A good fit of dipolar compared to those for the final NMR structure. The largest
couplings was also obtained when both RDCs and relaxationdeviations occur not only at the ends where the NMR
restraints were used. Interestingly, refinements using dipolarstructure is less well-defined and flexibility is indicated by
couplings do not improve fits of th&/T, ratios, and using  theSN relaxation data (see above) but also from T24 to L32.
T4/T, restraints did not improve the agreement with dipolar This includes then2 helix, which the!>N relaxation data
couplings. indicate to be rigid, while the backbone rmsd values indicate
RDC:s significantly increased the precision of the structure some increased imprecision in this region. We conclude that
in terms of the rmsd values of the ensemble of the lowest the a2 helix as a unit is well-defined, but its position is
energy structures. Only marginal improvement was obtained somewhat flexible. It is clear from the discrepancies in the
from also includingT:/T, ratios, possibly because of the observed RDC andl)/T, ratios and those expected from the

6.0 o

40 |

0.0 —

20 [

Dipolar Coupling (Hz)

q greater rhombicity of dipolar interactions in the alignment
media. The diffusion anisotropy of SsolOa was axially
symmetric R = 0.05), and there was no information in the
5N relaxation data on the distribution of-NH vectors about

the long axis of the molecule. In contrast, dipolar coupling
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N o3

Ficure 8: Overlay of the NMR solution structure (red) defined with RDC dmkl, relaxation data onto the X-ray crystal structure (cyan)
(14). Alignment was performed using backbone atoms in regions of ordered secondary structure (see Figure 4). The four helices as well as
the wing are labeled.

X-ray structure (Figure 7) that one of the most significant structure (Figure 8), which results from about a—P®°
differences occurs in this region of the protein. This rotation of the winged helix away from the coil. However,
difference is demonstrated in the overlay of the two structures as seen in Figure 8, the effect is small and is on the order of
(Figure 8) where the2 helix in the NMR structure (red) is  the limit in precision of the NMR and crystal structures. The
shorter and tilted away from the3 helix more than observed  absence of significant flexibility at the coil-head junction is
in the crystal structure (cyan). No slowly exchanging amide supported by the consistently high-order parameters on both
protons were observed 2, the interconnecting loop, or  sides of the interface with almost no need to invé%gto

the first half of a3. We conclude that this region of the fit the 1N relaxation data. In addition, the distribution of
molecule is not exceptionally stable and may adopt slightly high PFs inal, o2, the wing, anda4 indicates that the
different conformations under different solvent conditions interface between the winged helix and the coiled coil is a
or because of packing interactions in the crystal. Some degreavell-packed and stable hydrophobic core. TheHNof G63

of adaptability may be necessary in this region for optimal is the most highly protected and lies near the N terminus of

DNA-binding interactions. the coil helix a4 facing the winged helix subdomain. The
totality of the data indicates that the coiled-coil and winged

DISCUSSION helices constitute a single cooperative domain, an observation
which is supported by a single endotherm in the DSC at pH

Ssol0a is a dimer of winged helices with the dimer 7 (14)
interface largely defined by a solvent-exposed, two-stranded ' o _ _
antiparallel coiled coil. Winged helix dimers with an anti- ~ The most significant locus of differences in the NMR and
parallel coiled coil have been described in a number of DNA crystal structures of Sso10a appears to occur at the putative
regulatory proteins, including replication terminator protein DNA-binding HTH region and in particular in the location
RTP from Bacillus subtilis (38), the MerR family of and length of thex2 helix, i.e., the first helix in the HTH
metalloregulatory proteins including a zeptomolar copper- Motif (Figure 7). This helix is well-defined by the NMR data.
sensitive CueR itE. coli (39, 40), the molybdate-dependent The deviations observed for the observed RDC aid>
transcription regulator ModE irE. coli (41), and the restraints compared to those calculated from the crystal
bacteriophage T4 transcription regulator MotA2). The structure (Figure 7) indicate that the differences in solution
sequential topology of Ssol0a is similar to many of these and crystal structures are real and not due to limitations in
proteins in that the wing occurs between the HTH and coiled- the NMR data. It is interesting to note that proteprotein
coil C-terminal helix (Figure 9). However, Ssol0a differs interactions in the crystal occur not only between the
from most in the packing of the coiled-coil helices and the helices but also between residues in tthelix and those
presence of additional structural elements packed against thén the vicinity of E85. It therefore is not surprising that the
coil. The fold and size of the CueR winged helix domains positions of these segments might differ slightly in the crystal
differ significantly from Ssol0a. and NMR structures.

The positioning of a globular winged helix at the end of ~ The antiparallel coiled-coil structure of dimeric Ssol0a
a coiled-coil rod in SsolOa leads to the question of has been discussed and compared to other coiled coils
independence and freedom of movement at the junctionselsewhereX4). The most surprising aspect of the coiled coil
between the three subdomains. Independent movement ofs the apparent lack of optimization of the hydrophobic
the two winged helices could play an important role in DNA interface in this hyperthermophile protein. It is interesting
binding by providing flexibility in the positioning of the therefore that the PFs observed here indicate that the stability
protein-binding sites on DNA. The NMR structure shows a of the coil is significant and comparable to that of the winged
small difference in the positioning of the winged helices helix. This is true even in the vicinity of the buried aspartate
relative to the coiled coil compared to that in the crystal D69. The acidic D69 side chain is largely buried in both the
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Ssol0a MotA

ModE

CueR

Ficure 9: Comparison of the structure of Sso10a to four additional examples of winged helix dimers with antiparallel coiled-coil dimerization
motifs: RTP (1F4K), replication terminator protein frdBacillus subtilis(38); CueR (1Q05), a copper-binding regulatory protein fram

coli (40); MotA (1BJA), a bacteriophage T4 regulatory prote#2) and ModE (1B9M), a molybdate-dependent transcription regulator
from E. coli (41). Monomeric subunits are distinguished by cyan and red.

crystal and NMR structures at the hydrophobic interface with decreased solvent exposure and therefore decreased solvent
only 10% solvent accessibility relative to that in the extended quenching of the intrinsic tryptophan fluorescence. The
chain. We note that the intermolecular salt bridge (D69-K86) fluorescence data therefore supports a model in which the
that was well-defined in the crystal structure was not apparenta2 helix is important in DNA binding.

in the solution structure because of the absence of NOEs

between the two groups. This may indicate that ion pairing ACKNOWLEDGMENT

in solution is not as stati_c as ind_icate_d by thg crysta_l structure.  The authors acknowledge assistance from Dr. James
However, the D69-K86 m_tergacnor_ls in solution are |m.portant Prestegard (University of Georgia) in the use of REDCAT
because the K86A substitution significantly destabilizes the 53nq from Dr. Ranjith Muhandiram (University of Toronto)

dimer (M. Kahsai, unpublished). However, the D69A (4 sssistance in installing various NMR pulse sequences,
substitution led to a more thermally stable dimer, indicating \yhich were generously provided by Dr. Lewis Kay (Uni-
that the D69-K86 interaction cannot completely counter the versity of Toronto).

destabilization caused by burying an aspartate at the coil
interface.

Location of Conseared Sequences in the Structuteis
interesting to note the positions of those residues that are
conserved in the COG3432 group of proteins. G63 is one of
the most conserved (100%) of all of the residues. It is buried
at the coil-winged helix interface and would appear to permit
tight packing of the two subdomains. K62 is solvent-exposed
and might be involved in forming a salt bridge with E48 at
the end ofa3, although this residue is not well-conserved REFERENCES
in COG3432. T24, N31, Y34, and Y40 are well-conserved

in the helix-turn-helix motif and are likely candidates for 1. Dik J. and Reinhardt, R. (1986) Bacterial Chromatir(Gualerzi,
e . . C., and Pon, C., Eds.) Springer-Verlag, Berlin, Germany.
specific interactions with DNA.
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