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Summary

Prokaryotic chromosomes and plasmids encode par-
titioning systems that are required for DNA segrega-
tion at cell division. The plasmid partitioning loci
encode two proteins, ParA and ParB, and a cis-acting
centromere-like site denoted parS. The chromosoma-
lly encoded homologues of ParA and ParB, Soj and
Spo0J, play an active role in chromosome segrega-
tion during bacterial cell division and sporulation.
Spo0J is a DNA-binding protein that binds to parS
sites in vivo. We have solved the X-ray crystal struc-
ture of a C-terminally truncated Spo0J (amino acids
1-222) from Thermus thermophilus to 2.3 A resolution
by multiwavelength anomalous dispersion. It is a
DNA-binding protein with structural similarity to the
helix-turn-helix (HTH) motif of the lambda repressor
DNA-binding domain. The crystal structure is an anti-
parallel dimer with the recognition o-helices of the
HTH motifs of each monomer separated by a distance
of 34 A corresponding to the length of the helical
repeat of B-DNA. Sedimentation velocity and equilib-
rium ultracentrifugation studies show that full-length
Spo0J exists in a monomer-dimer equilibrium in solu-
tion and that Spo0J1-222 is exclusively monomeric.
Sedimentation of the C-terminal domain of Spo0J
shows it to be exclusively dimeric, confirming that the
C-terminus is the primary dimerization domain. We
hypothesize that the C-terminus mediates dimeriza-
tion of Spo0J, thereby effectively increasing the local
concentration of the N-termini, which most probably
dimerize, as shown by our structure, upon binding to
a cognate parsS site.

Introduction

The segregation of newly replicated chromosomes of
eukaryotic cells is mediated by a microtubule-based
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spindle that pulls chromosomes to opposite sides of the
cell before cytokinesis (Heald, 2000; Sharp et al., 2000).
In contrast, the nature of the machinery that ensures
faithful segregation of DNA is obscure for prokaryotes.
Early models (Jacob et al., 1963) postulate the coupling
of replicating DNA to the elongating cellular envelope as
instrumental in bacterial DNA segregation. However,
zonal growth is not a general feature of cell wall growth
and, therefore, it is unlikely that this model explains the
segregation of newly replicated chromosomes (Mobley
et al., 1984). More recently, it was discovered that DNA
replication in Escherichia coli and Bacillus subtilis takes
place at a centrally located replication factory (Lemon
and Grossman, 1998; Koppes et al,, 1999). This led to
the proposal of a ‘factory model’ for chromosome segre-
gation: bidirectional extrusion of replicated DNA from the
replication factory followed by condensation intrinsically
segregates sister nucleoids (Lemon and Grossman,
1998; 2000; 2001; Koppes etal, 1999; Gordon and
Wright, 2000; Sawitzke and Austin, 2001; Onogi et al.,
2002). A third model has emerged from fluorescence
microscopy experiments, which indicate that replicated
plasmids (Gordon etal., 1997; Niki and Hiraga, 1997;
Jensen and Gerdes, 1999) and chromosomal origins of
replication (Lewis and Errington, 1997; Webb et al.,
1997; 1998; Niki and Hiraga, 1998; Jensen and Shapiro,
1999; Niki et al., 2000) move rapidly from mid-cell to
fixed positions near the cell poles or at one-quarter and
three-quarters of cell length (Sharpe and Errington,
1999; Hiraga, 2000; Moller-Jensen et al., 2000), sug-
gesting the existence of a prokaryotic mitosis-like appa-
ratus. In this sense, the prokaryotic origin-proximal
region seems to be a counterpart of eukaryotic cen-
tromeres (Wheeler and Shapiro, 1997). Most recently,
RNA polymerase has emerged as a novel candidate for
driving the poleward segregation of bacterial chromo-
somes (Dworkin and Losick, 2002).

Partitioning determinants, or the par genes, are critical
components of DNA segregation. The par genes were
originally identified from studies of low-copy-number plas-
mids and are referred to as the parAB family. Partitioning
modules confer genetic stability upon their replicons
through specific subcellular positioning of the DNA (Gor-
don et al., 1997; Niki and Hiraga, 1997; Jensen and Ger-
des, 1999). Generally, par systems are composed of three
essential components: (i) an ATPase and (ii) a protein that
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binds to (iii) one or more cis-acting, centromere-like DNA
regions. The par genes of the E. coli plasmids F (sopABC)
(Niki and Hiraga, 1997), R1 (parMRC) (Gerdes et al.,
2000) and P1 (parABS) (Austin and Abeles, 1983a,b) are
required for accurate plasmid partitioning. It should be
noted, however, that ParM of plasmid R1 is not, in fact, a
ParA homologue like SopA but a member of the actin
family of ATPases (van den Ent etal., 2002). ParB of
plasmid P1 binds to a cis-acting site, parS, and forms a
large nucleoprotein complex in conjunction with ParA,
which is an ATPase (Bouet et al., 2000). ParB has also
been shown to be capable of pairing P1 centromere-like
parS sites (Edgar et al., 2001).

The notion of plasmids containing partitioning determi-
nants essential for their stable inheritance was extended
to bacterial chromosomes by the identification of par
genes in bacterial genomes by sequence homology
searches. The par operon was subsequently identified in
the oriC region of a subset of bacterial genomes; it con-
sists of two transacting genes, soj and spo0J, and a cis-
acting sequence, parS. More than 50 homologues of
SopA and Soj (ParA) or SopB and SpoOJ (ParB) have
been identified in bacteria so far (Yamaichi and Niki,
2000).

Null mutants of SpoOJ are lethal in Caulobacter cres-
centus (Mohl et al., 2001), and mutations in spo0J in B.
subtilis result in the formation of anucleate cells (Ireton
et al., 1994). Spo0J mutants of B. subtilis and Pseudomo-
nas aeruginosa are viable but display perceptible defects
in chromosome segregation in both vegetative and sporu-
lating cells (Ireton et al., 1994; Sharpe and Errington,
1996; Godfrin-Estevenon et al., 2002; Lewis et al., 2002).
Identification and characterization of a bacterial chromo-
some partitioning site revealed 10 pseudopalindromic
16 bp sequences found in the origin-proximal 20% of the
B. subtilis chromosome (Lin and Grossman, 1998). Eight
of the 10 sequences identified were shown to be bound
by Spo0J in vivo, and the presence of one such site on
an otherwise unstable plasmid stabilized the plasmid in a
Soj- and Spo0J-dependent manner, demonstrating that
the site, parS, can function as a partitioning site (Lin and
Grossman, 1998). Moreover, it was later demonstrated
that both the B. subtilis and the P, aeruginosa partitioning
machineries can function in E. coli (Yamaichi and Niki,
2000; Godfrin-Estevenon et al., 2002). This promiscuity
suggests that whatever host proteins interact with Soj and
Spo0J are highly conserved. The 16 bp parS sites identi-
fied in B. subtilis have since been identified in other bac-
terial species including P aeruginosa and Pseudomonas
putida (Godfrin-Estevenon et al., 2002) and Thermus
thermophilus (Nardmann and Messer, 2000). Most
recently, a putative chromosomal partitioning site, migS,
has also been identified in E. coli (Yamaichi and Niki,
2004). The consensus sequence 5-tGTTTCACGT

GAAACa-3" shows a dyad symmetry typical of dimeric
DNA-binding proteins. The half-palindromes of these
sequences (tGTTTCAC, GTGAAACa) are similar to ParB
box A motifs of P1 plasmid centromeres (e.g. A1,
ATTTCAC; A3, GTGAAAT; Bouet etal.,, 2000; Surtees
and Funnell, 2001). The only structural information about
the ParB family of proteins to date has been the published
crystal structure of the dimerization domain of KorB
(Delbruck et al., 2002). The structure shows that the C-
terminal 62 amino acids of KorB form a dimer, and cross-
linking studies suggest that the C-terminal domain is
responsible for stabilizing the KorB dimer in solution to
facilitate binding to its cognate palindromic operator
sequences (Delbruck et al., 2002).

In this study, we have solved the crystal structure of
truncated Spo0OJ from the Gram-negative bacterium T.
thermophilus to 2.3 A resolution. The crystal structure
is of Spo0J with 47 amino acids removed from the C-
terminus as we were unable to obtain crystals of a full-
length Spo0J. It is a tight dimer with high o-helical content
and contains a putative helix—turn—helix (HTH) DNA-
binding motif in each monomer. We show that Spo0J of
T. thermophilus is able to bind DNA containing a parsS site.
The structure of Spo0J is the first structure to be reported
of the DNA-binding domain from this ubiquitous and highly
conserved family of ParB proteins, which have a central
role in plasmid and chromosome segregation in prokary-
otes. Based on this structure and the structure of the C-
terminal domain of KorB (Delbruck et al., 2002), together
with ultracentrifugation analysis, we propose that Spo0J
contains a C-terminally located primary dimerization
domain and an N-terminally located secondary dimeriza-
tion domain, which brings the HTH motifs of the antipar-
allel dimer into register for DNA binding. We show that the
C-terminus of Spo0J is necessary for extensive binding to
plasmid DNA, and we speculate that it plays a role in
spreading along DNA.

Results
Cloning and protein purification

Spo0J was cloned and the protein overexpressed and
purified from nine bacterial genomes but failed to crystal-
lize in all cases. The proteins all displayed low precipita-
tion (<2% of 1152 conditions) and abundant phase
separation. The C-terminal regions of these proteins have
the weakest homology to each other, and so a series of
C-terminal truncated proteins was overexpressed in an
attempt to grow crystals. The spo0J1-666 gene from T.
thermophilus encoding residues 1-222 of 269 amino
acids found in the full-length protein was cloned and over-
expressed according to the protocol detailed in Experi-
mental procedures.

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 53, 419—-432



DNA-binding activity

Gel retardation assays of Spo0J from T. thermophilus and
Bacillus stearothermophilus were performed to confirm
DNA-binding activity for these previously uncharacterized
members of the Spo0J family. Sequence alignment with
Spo0J of B. subtilis confirmed that this protein was almost
certainly a SpoOJ homologue (42% sequence identity)
(Fig. 6). Both proteins are able to bind in vitro a 16 bp
duplex containing the pseudopalindromic parS sequence
5-TGTTCCACGTGAAACA-3’ (Fig. 1A and B). To test for
the ability of wild-type and truncated proteins to carry out
DNA binding and spreading, we used an agarose gel shift
assay developed by H. Ferreira and J. Errington (unpub-
lished). Gel retardation assays using a pUC19 derivative
plasmid, pUOJ (see Experimental procedures), containing
a single parS site show that T. thermophilus Spo0J is also
able to shift a 2938 bp supercoiled plasmid in vitro. Incu-
bation of the target DNA with increasing amounts of
Spo0J results in differential, stepwise shifting of the DNA
to higher positions in the gel, with the migration of a
maximally shifted band indicative of saturation of the DNA
with protein. Calculation of the ratio of Spo0J molarity to
approximated binding site molarity confirms an approxi-
mate coating of the DNA at saturating protein concentra-
tion (assuming that the protein physically covers a binding
site of 24 bp). The differential retardation of plasmid DNA
by Spo0J indicates that the protein is able to bind DNA
non-specifically with high affinity. Gel retardation of pUOJ
by Spo0J1-222 shows that the supershifting of plasmid
DNA by full-length Spo0OJ is dependent on the presence
of the C-terminal domain (Fig. 1C). It is possible to gel
filtrate a stable complex of full-length Spo0J with 16—24 bp
oligonucleotides of parS DNA, but not possible with the
C-terminal deletion mutant, SpoOJ 1-222 (data not
shown). The binding of Spo0J to DNA is clearly weak-
ened, if not abrogated by removal of the C-terminus.

Crystallization and structure determination

SeMet-substituted protein was produced in the non-
methionine auxotrophic C41(DES3) cells (Van Duyne et al.,

Table 1. Crystallographic data.

Structural analysis of Spo0J from T. thermophilus 421

B. stearothermophilus
[Spo0J] (uM)
0 25 50 100 200 300

T. thermophilus
[Spo0J] (M)
25 50 100 200 300

Spo0J:parS

free parS
DNA
A
T. thermophilus T. thermophilus
Spo0J Spo0J 1-222
(pmoles) (pmoles)
\} \
Q NN Q NN
o P ALIRY D A LORS
2938 bp
puUOJ

Fig. 1. DNA binding by Spo0J in vitro.

A. Gel retardation assay illustrating parS binding by Spo0J of Bacillus
stearothermophilus. At the highest concentration of Spo0J, almost all
the DNA is bound.

B. DNA binding by Spo0J of T. thermophilus. The result provides clear
evidence that this protein also has the expected DNA-binding activity.
C. Gel retardation of plasmid DNA (2938 bp) by T. Thermophilus
Spo0J. Saturation of the DNA occurs at an approximate equimolar
concentration of 24 bp binding sites to dimeric Spo0J (full length).
Spo0J 1-222, which has the C-terminal domain removed, is incapa-
ble of shifting plasmid DNA.

1993). Crystals belong to space group C222, and the
phase problem was solved using multiwavelength anom-
alous dispersion (MAD) with one crystal containing
SeMet-substituted protein at 3.0 A resolution. Crystallo-
graphic data are summarized in Table 1. Eight NCS-
related molecules were built, and the phases were

Crystal A (A) Resol. (A) Vol R, (%) Multipl.© Compl.¢ (%)
PEAK 0.9791 26 6.7 0.064 12.2 (6.1) 99.1 (97.9)
INFL 0.9793 2.6 43 0.068 12.2 (6.1) 99.8 (98.0)
HREM 0.9393 2.6 2.3 0.080 12.0 (6.0) 99.8 (97.5)
NATI 0.9393 2.3 3.0 0.078 35 98.3

a. Signal-to-noise ratio for the highest resolution of intensities.

b. R.: XM I(h,—=I(h)I/Z-,Z,I(h,]) where I(h,]) are symmetry-related intensities, and /(h) is the mean intensity of the reflection with unique index h.

c. Multiplicity for unique reflections, anomalous multiplicity in brackets.

d. Completeness for unique reflections, anomalous completeness in brackets.

Space group C222 (21), a=182.24 A, b =295.15 A, c = 73.49 A.

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 53, 419—-432
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Table 2. Refinement statistics.

Model

Diffraction data

R-factor, R-free®

B average/bonded®
Geometry bonds/angles®
Ramachandran®

PDB ID®

Chains A-H, residues 23-209
NATI, 2.3 A, all data

0.2354, 0.2780

39.39 A%3.52 A2

0.006 A/1.2

97.3%/0.0%

lvz0

a. Five per cent of reflections were randomly selected for determina-
tion of the free R-factor, before any refinement.

b. Temperature factors averaged for all atoms and r.m.s.ds of tem-
perature factors between bonded atoms.

c. R.m.s.ds from ideal geometry for bond lengths and restraint angles
(Engh, 1991).

d. Percentage of residues in the ‘most favoured’ region of the Ram-
achandran plot and percentage of outliers (PROCHECK; Laskowski
et al., 1993).

e. Protein Data Bank identifiers for co-ordinates and structure factors
respectively.

extended to 2.3 A using eightfold non-crystallographic
symmetry (NCS). A model was built for residues 23—-209
for chains A—H and refined to an R-factor of 24.3 and a
free R-factor of 29.2 (Table 2).

Spo0J monomer structure

Spo0J is a compact structure of 65% o-helical content.
There was no electron density for residues Met-1-Gly-22
or residues Arg-210—-Glu-222. The N-terminal region, res-
idues Val-23-Lys-97, consists of a long o-helix, H2, fol-
lowed by a short three-stranded B-sheet with strands S2
and S3 separated by a short o-helix H3. Strands S1 and
S2 form an antiparallel sheet with strand S3 running par-
allel to the central strand S1. The remainder of the mono-
mer is all a-helical with helices H6 and H7 forming a
characteristic HTH motif. Helices H4—H11 form a compact
o-helical domain in which helices H6, H7, H9 and H11 lie
across the top of helices H4, H5, H8 and H10 (Fig. 2A).
A three-dimensional similarity search using DALI (Holm
and Sander, 1995) found SpoOJ to be a novel protein
structure with low homology to known protein structures.
The closest known tertiary structure was that of a mito-
chondrial import receptor subunit fragment (PDB entry
10M2), which gave a Z-score of just 4.9 and a root mean
square deviation of Co. atoms of 2.8 A. Later it was deter-
mined that, despite the novel overall fold of the protein,

Fig. 2. Ribbon plots of (A) Spo0J monomer, (B) Spo0J dimer (end view) and (C) Spo0J dimer (top view). The HTH motifs are coloured yellow.
The N-terminal a-helices forming the bulk of the dimer interface are indicated by H2. The distance between the HTH motifs in the dimer is 34 A,
corresponding to the helical repeat of B-DNA. The figure was prepared using the program MOLSCRIPT (Kraulis, 1991).

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 53, 419—-432



Spo0J contains structural similarity in its HTH motif to the
DNA-binding domain of the lambda repressor.

Spo0J dimer structure

The asymmetric unit of the Spo0J crystals contains eight
molecules arranged in four very clear equivalent dimers,
consisting of chains A—H. The dimer interface is extensive
in Spo0J. The surface areas of the two SpoOJ monomers
in the dimer are 12 936.2 A? and 12 742.6 A2, and the
surface area for both together in the dimer is 18 464.6 A2,
The surface area buried at the dimer interface is
7214.26 A%, representing 28% of the surface area of one
monomer. The dimer interface consists of two sets of
hydrophobic interactions at either end of the dimer and an
extensive electrostatic surface interaction between the N-
terminal a-helix H2 and the external surface formed by
helices H4, H5, H8 and H10. The arrangement of the two
monomers in the dimer is such that the long N-terminal
o-helix H2 of each monomer interdigitates with the glob-
ular domain of the other to form an antiparallel dimer
(Figs 2B and 3A). Hydrophobic interactions between the
extended N-terminal chain Val-23-Pro-33 (VVRLPLA-
SIRP) of one monomer and the hydrophobic surface
formed by strands S1 (LLVRP), S2 (GYELVA), S3
(VPAVV) and the C-terminal part of helix H3 (AALMAGL)
of the other stabilize the dimer. Helices H4, H5, H8 and

Fig. 3. Electrostatic surface potential plots of the Spo0OJ dimer.
A. View of the underside of the dimer.
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H10 form a highly negatively charged surface that inter-
acts extensively with the overall positively charged surface
produced by helix H2 and the extended chain linking helix
H2 with strand S1.

Mode of DNA binding

Each dimer contains two HTH motifs, one from each
monomer, at either end of the elongated molecule
(Fig. 1B). The angle formed between helices H6 and H7
of the HTH moitif is 59.4°. The distance between the HTH
motifs is 36.50 A between the C,-carbons of A152 and
31.95 A between the C,-carbons of N153, giving an aver-
age distance of 34.23 A. Many prokaryotic DNA-binding
domains contain an HTH motif that recognizes and binds
specific regulatory regions of DNA (Luscombe et al.,
2000). The two o-helices have the same relative orienta-
tion to each other and are connected by a loop region of
similar structure in all DNA-binding HTH motifs. The DNA
sequences to which these motifs bind are palindromic or
pseudopalindromic in nature, especially at their ends. The
palindromic nature of these sequences is important
because it means that the two halves of each binding site
are related by an approximate twofold symmetry axis. The
HTH moitif is traditionally defined as a 20-amino-acid seg-
ment of two a-helices inclined at =60° to each other con-
nected by a four-residue B-turn, a configuration that is

B. The putative DNA-binding surface of the dimer (Fig. 3B is related to Fig. 2C by an =20° clockwise rotation). The helix—turn—helix motifs are
indicated by HTH. The long N-terminal helix H2 of each monomer is shown in (A) forming the bulk of the dimer interface. Basic residues are
coloured in blue and acidic residues in red. The figure was prepared using the program GRASP (Nicholls, 1993).

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 53, 419—-432
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observed in the crystal structure of Spo0J. The definition
can, however, be extended to those with longer linkers,
such as loops, as long as the relative orientation of the o-
helices is maintained (for example, the RAP1 protein fam-
ily, PDB entry 1IGN; Konig et al., 1996).

The HTH motif invariably binds in the DNA major
groove. The second a-helix is known as the recognition
o-helix and is inserted in the groove. Although motifs from
different protein families are structurally very similar
(Suzuki et al., 1995), little homology is observed outside
the motif. There is also little sequence similarity between
the motifs of different families, and this variation allows
them to recognize distinct sets of DNA sequences. How-
ever, a SUPERFAMILY (Gough et al., 2001) hidden Markov
model search with T. thermophilus SpoOJ indicates
homology of the region Met-133—-Leu-168 with the lambda
repressor-like HTH DNA-binding domains. Met-133-Leu-
168 maps exactly to the HTH motif of Spo0dJ in the crystal
structure, indicating that there is a high likelihood that
Spo0J is a genuine HTH DNA-binding protein. The X-ray
structure of the N-terminal DNA-binding domain of the
lambda repressor at 3.2 A (Pabo and Lewis, 1982) shows
the same arrangement of the helices of the HTH motif as
is observed in the crystal structure of Spo0J. Seven resi-
dues in the 20-amino-acid HTH segment of Spo0J (Q137—-
R156) correspond to identical residues in the HTH seg-
ment of the lambda repressor (Q33-N52), representing
35% identity. The root mean square (r.m.s.) between Co
atoms in the two HTH motifs is 0.74 A, and the mean
distance between matching Co. atoms is 0.67 A. The Ca
traces of the two motifs are superimposed in Fig. 4. The

Table 3. Density increments and extinction coefficients.

Spo0J Spo0J1-222.
Solvent density 1.007068 g ml™'
Solution density 1.009666 g mlI™"  1.008302 g ml™
Protein concentration 9.69 mg ml”* 4.96 mg ml™'
Density increment 0.268 0.249
Apparent specific volume (¢')  0.727 ml g™ 0.746 mi g™
€280 1.81x10* M~ 1.04 x 10* M~
€230 2.04x10°M™ 9.02x10* M

subunit interactions in lambda repressor and Spo0J have
an important consequence in that they cause the second
a-helix in the HTH motifs of each subunit to be at opposite
ends of the elongated dimeric molecule, separated by a
distance of 34 A. This distance corresponds almost
exactly to one helical turn of a B-DNA double helix. As a
result, the recognition a-helices of the two subunits can
bind into successive major grooves of a DNA molecule.
The structural homology of the Spo0J HTH motif with the
known DNA-binding HTH motif of lambda repressor, cou-
pled with the distance measurements between the HTH
motifs in the two crystal structures, makes a strong case
for Spo0J binding to parS sites in this manner.

Analytical ultracentrifugation of Spo0J

Density increments and extinction coefficients. Density
increments and extinction coefficients of solutions of
Spo0J and truncated SpoOJ were calculated from the
measured densities, spectra and protein concentrations,
as shown in Table 3.

Fig. 4. Backbone Co trace of the HTH motif of
Spo0J superimposed on a backbone trace of
the lambda repressor HTH motif. The lambda
repressor HTH structure is coloured blue, and
the Spo0J HTH structure is coloured orange.
The r.m.s.d. between the two Co structures is
0.74 A. Identical residues in the two motifs are
marked red. Despite the lack of sequence sim-
ilarity, the motifs display high structural homol-
ogy, comprising two helices oriented at 60° to
each other separated by a four-residue B-turn.
The figure was prepared using the program
MOLSCRIPT (Kraulis, 1991).

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 53, 419—-432
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Molecular mass to correspond to a monomer/dimer equilibrium, with neg-

ligible evidence of any non-ideality (Fig.5A). Moreover,
After sedimentation equilibrium, the weight-averaged, plots from different loading concentrations overlie each
apparent molecular mass was plotted against concentra- other closely enough to suggest that the aggregation is
tion (Fig. 5). For full-length Spo0J, these plots appeared fully reversible. The original data were therefore fitted with

Full length SpoOJ
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Fig. 5. Plots of M,,,,, against concentration for Spo0J and truncated Spo0J (left) and of the residuals for fitting as monomer/dimer equilibrium
and non-ideal monomer respectively (right). Points are for individual datum points from the equilibrium scans; lines (on left) are calculated
theoretically taking M, = 36 500 Da and Kp = 10 uM (full-length Spo0J) and M, = 22 600 Da and B = 1525 M~' (SpoOJ 1-222). Plots of scans
during the sedimentation velocity run with Spo0J 223-269 (bottom). Plots of individual scans at 2.5 min intervals are shown on the left, and a
plot of the residuals against s*,, for fitting scans 81-92, on the right, to show the good fit to a single component, corresponding to Sy, = 1.43
(£0.005) S and Mr = 13.7 (+0.25) kDa.
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the equation for such aggregation. Typical plots of the
resulting residuals are shown (Fig. 5B), showing that this
is an appropriate model. The best estimate for the mono-
mer mass is 36 (+6) kDa. The fit also gave a best estimate
for K; of 10 (£3) uM. These estimates were used to plot a
fitted curve on to the plot of weight-averaged, apparent
molecular mass against concentration (Fig. 5).

For the Spo0J1-222, the plots appeared to correspond
to a non-ideal monomer. The original data were therefore
fitted with the equation for this, and the resulting residuals
are shown (Fig. 5D), showing that this is an appropriate
model. The fit gave best estimates of the monomer mass
as 23 (+0.25) kDa and the second osmotic virial coeffi-
cient (B) of 1000 (+100) M. These estimates were again
used to plot a fitted curve on to the plot of weight-aver-
aged, apparent molecular mass against concentration
(Fig. 5C).

The C-terminal fragment (SpoOJ 223-269) was exam-
ined by sedimentation velocity and gave a well-shaped,
symmetrical boundary (Fig. 5E). The data were analysed
using the dc/dt analysis (Stafford, 1994; 1997; Philo,
2000). Groups of 12 scans were taken shortly after the
boundary cleared the meniscus, in the middle of the run
and towards the end of the run. In each case, the data
were well fitted by a single component, with a mean sed-
imentation coefficient of 1.48 S and a molecular mass of
12.3 kDa. This corresponds well to a dimer of the protein
(M1 =6.05 kDa). The residuals confirm that the data is
well fitted by a single dimeric species (Fig. 5F). We there-
fore conclude that the C-terminal region of Spo0OJ dimer-
izes strongly, while the DNA-binding domain (Spo0J 1-
222) on its own tends to remain monomeric. The overall
protein thus dimerizes with an intermediate Ky of =10 uM.

Discussion

At present, the exact function of Spo0OJ is ambiguous.
From the structure, it appears that Spo0J is a classical
prokaryotic HTH DNA binding protein in which the anti-
parallel dimer forms a central DNA-binding domain con-
taining two HTH motifs separated by the helical repeat of
B-DNA. Comparison of the HTH motif with that of the
lambda repressor provides further evidence for this mode
of DNA binding.

Genetic studies on Spo0J of B. subtilis have identified
a number of mutations that correlate with a defect in
chromosome segregation (Autret etal., 2001). These
mutations were made on the basis of conservation of
particular residues between Spo0J and the ParB proteins.
Six point mutations were identified that gave rise to abnor-
mal nucleoid appearance with substantial numbers of
elongated cells containing uncondensed nucleoids and a
few anucleate cells. Only mutation R148A maps to the
HTH motif in the crystal structure of T. thermophilus

Spo0J, and binding studies by electrophoretic mobility
shift assay (EMSA) have not been performed on this
mutant. The mutations F42A, R80A, E106G, N112A and
R206C most probably represent folding mutations or
mutations that abrogate protein—protein interactions
essential in the partitioning complex.

Our structure is the first structure of the DNA-binding
domain of a Spo0J/ParB protein to be solved. The dimer-
ization domain of the homologous protein KorB (PDB
entry 11GQ) from plasmid RP4 has already been solved
(Delbruck et al., 2002), which means that we now have
structural information on both parts of the protein. KorB is
a regulatory protein encoded by the conjugative plasmid
RP4, which controls the expression of plasmid genes
involved in replication, transfer and stable inheritance of
RP4 DNA. Like B. subtilis Spo0J, RP4 KorB binds to
palindromic DNA sequences present 12 times in the 60 kb
plasmid (Balzer et al, 1992). In the phylogenetic trees,
KorB clusters with the chromosomally encoded members
of the ParB family and away from the plasmid-encoded
homologues (Hayes, 2000). The C-terminal 62 residues
of KorB (Lys-297—-Gly-358) present in the structure align
with the C-terminal 47 amino acids missing in our struc-
ture of T. thermophilus SpoOJ (Spo0J223-269) (Fig. 6).
The C-terminal portion of KorB is a globular domain com-
prising a five-stranded antiparallel B-barrel with a structure
similar to that of Src homology 3 (SH3) domains. The
domain was observed crystallographically as a dimer with
a predominantly hydrophobic subunit interface formed by
a leucine zipper-like arrangement. By chemical cross-
linking experiments, it was demonstrated that KorB-C
forms dimers in solution as well. Functional dissection of
KorB from plasmid RK2 (100% sequence identity to KorB
of plasmid RP4) identifies the C-terminus as the primary
dimerization domain. Classical HTH DNA-binding proteins
such as the Trp repressor, A Cro and E. coli catabolite
gene regulator protein (CRP) must be dimeric in order to
bind the DNA efficiently (Pabo and Sauer, 1992), suggest-
ing that C-terminal deletion mutants of KorB are still able
to bind DNA in their dimeric form. The crystal structure of
Spo0J clearly illustrates the ability of the N-terminal
domain to dimerize, albeit at the high protein concentra-
tions that favour crystallization. This N-terminal dimer is
most probably physiologically relevant because it brings
the two HTH motifs into the required context for binding
to DNA. To investigate dimer formation further, we have
shown by analytical ultracentrifugation (Fig.5) that full-
length Spo0J exists as a monomer—dimer equilibrium in
solution with a Ky of 10 (£3) uM, but that the C-terminally
truncated protein that we have solved the crystal structure
of is exclusively monomeric in solution, indicating that
another determinant is required for dimerization in solu-
tion. There are two possibilities: one involves dimerization
of the full-length protein mediated by the C-terminus,
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Fig. 6. Sequence alignment of the ParB proteins. Boundaries of the secondary structure elements were defined using the program DSspP (Kabsch
and Sander, 1983). The colours of the secondary structure elements of Spo0J correspond to those of the domains shown in Fig. 2. The secondary
structure of KorB—C (PDB entry 11GQ) is shown below the alignment. Identical residues are coloured red, and conserved residues are coloured
orange. The figure was prepared using the program ALSCRIPT (Barton, 1993).

which effectively increases the local concentration of the the terminal 47 amino acids of SpoQJ clearly shows it to
N-termini, facilitating dimerization; the second is that the be exclusively dimeric in solution (Fig. 5), an observation
C-terminus mediates dimerization of the full-length protein that is consistent with it forming a strong dimer structurally
but that dimerization of the N-termini is dependent on analogous to KorB-C. It is surprising that full-length
DNA binding. Sedimentation velocity ultracentrifugation of Spo0J appears not to form as strong a dimer in solution
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as the C-terminus alone: we speculate that dimerization
of the N-termini is dependent on DNA binding. In the
absence of DNA, the N-terminal domains are not dimer-
ized and are partially inhibitory to strong dimerization of
the C-terminus. This is reflected in the equilibrium disso-
ciation constant of 10 uM calculated for the full-length
protein.

In view of the above findings, we suggest that the C-
terminus of Spo0J, like KorB-C, is the primary dimeriza-
tion determinant and that the N-terminal portion repre-
sents a secondary dimerization determinant that is
necessary for binding to DNA. Gel retardation assays
show that full-length protein binds parS oligonucleotides
but that the C-terminus is necessary for shifting plasmid
DNA containing a single parS site (Fig. 1). We speculate
that this results from the dependency of the DNA-binding
domain on the C-terminus to bring them into a suitable
context and elevated local concentration for binding to
DNA. The requirement of the C-terminus for binding
extensively to plasmid DNA raises the intriguing possibility
that the C-terminus plays a role in dimer—dimer interac-
tions with neighbouring molecules on the DNA, which
allows the protein to nucleate at a parS site and ‘spread’
along the DNA, thereby effectively coating it. The equilib-

C-terminal

dimerisation
domain
N-terminal
dimerisation
domain

rium dissociation constant of 10 uM for dimerization of the
full-length protein suggests that the dimerization of the C-
termini (exclusively dimeric in solution alone) can be
destabilized by the presence of the DNA-binding domains.
It is a distinct possibility that, once dimerized on the DNA,
the C-terminus is able to dimerize as effectively with the
C-terminus of a neighbouring Spo0OJ dimer. The observa-
tion of gene silencing by P1 ParB (Rodionov et al., 1999)
lends further support to this notion. Furthermore, it has
been demonstrated that the C-terminus of KorB is essen-
tial for its ability to repress at a distance and that KorB
can form higher order oligomeric complexes on DNA, its
binding promoted by sequences flanking the operator
regions to which it binds (Jagura-Burdzy et al., 1999).
Figure 7 illustrates our proposed model of the primary
Spo0dJ dimer (Fig. 7A) and C-terminus-mediated ‘coating’
of DNA (Fig. 7B).

Oligomerization of ParB proteins has been reported for
both P1 ParB and ParB of Streptomyces coelicolor (Jaki-
mowicz et al., 2002), with various proposals for its role. In
an analogous fashion to ParR-mediated pairing of plasmid
R1, it has been speculated that P1 ParB mediates pairing
of plasmids through the formation of a partition complex
spanning two parS sites on separate plasmids (Edgar

I =l
o° B8

Fig. 7. Model of (A) the primary Spo0J dimer and (B) C-terminus-mediated ‘coating’ of DNA. The primary dimerization interface is located in the
C-terminal region of Spo0J. The N-terminal/central portion forms a secondary dimerization domain that binds to DNA. Coating of DNA by Spo0J

is dependent on the C-terminus.
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et al., 2001). Others speculate that ParB forms a large
nucleoprotein complex on oriC in which the DNA is
wrapped around oligomers of ParB to form a compact
nucleoprotein structure involved in DNA partitioning (Rodi-
onov et al., 1999). The question of what happens when
Spo0J binds to its cognate parS sites will clearly require
further investigation.

Experimental procedures
Bacterial strains, media and culture conditions

Escherichia coli XL1-Blue served as host for all plasmid con-
structs. E. coli C41 (DE3) and C41 (BL21 DE3) RIL (Codon
plus) were the hosts for overexpression of the SpoOJ pro-
teins. E. coli strains were grown on nutrient agar supple-
mented with ampicillin or chloramphenicol as desired and in
2x TY medium at 37°C until protein synthesis was induced
at ODg, of 0.6 by the addition of 1 mM IPTG. Cells were then
grown at 37°C for 5 h or 25°C overnight as required before
harvesting. Ampicillin (100 ug ml™") and chloramphenicol
(35 ug ml™') were added as required. Plasmids were intro-
duced into E. coli by electroporation using electrocompetent
cells.

Bacterial expression and protein purification

The polymerase chain reaction (PCR) was used to amplify
the spo0J gene or constructs of the spoOJ gene from the
genomic DNA of various bacterial species. The forward
primer was engineered to contain an Ndel restriction site at
the start of the gene, and the reverse primer contained a
BamHl site in place of the stop codon at the end of the gene.
The PCR fragments were digested with Ndel and BamHI
(3 h, 37°C) and cloned into the pHis17 vector, putting them
under the control of the T7 promoter and adding eight resi-
dues at the C-terminus, which included a hexahistidine tag
for affinity purification (GSHHHHHH). Spo0J1-222 from T.
thermophilus, which was crystallized in this study, contains
230 residues and has a molecular weight of 25.4 kDa as
confirmed by mass spectroscopy. C41 (DE3) RIL cells were
transformed and expressed the Hisgs-tagged protein after
the addition of IPTG (1 mM). For large-scale expression,
12| of 2x TY medium containing 100 pg mI~" ampicillin and
35 ug mi~' chloramphenicol was inoculated from a 1:100 pre-
culture and induced with 1 mM IPTG at ODgy = 0.6. Cells
were harvested, frozen in liquid nitrogen and opened by
sonication and the addition of lysozyme in 50 mM Tris,
pH 7.4. The lysate was loaded onto a 10 ml Ni?*-silica col-
umn, washed extensively with 50 mM Tris, 300 mM NaCl,
20 mM imidazole, pH 6.0. Protein was eluted with the same
buffer containing 300 mM imidazole. The protein was diluted
10-fold in TEN (20 mM Tris, pH 7.5, 1 mM EDTA, 1 mM
sodium azide) and applied to a 2x 5 ml HI-TRAP heparin
(Amersham) column equilibrated in TEN. The protein was
eluted in a linear gradient of 0—1 M NaCl in the same buffer.
The protein was concentrated and applied to a Sephacryl S-
200 column (Amersham) equilibrated in TEN + 5 mM MgCl,.
The protein was eluted as single peak and concentrated to
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7.5 mg ml~'. The protein can be stored at 4°C for several
months.

The C-terminal domain of Spo0J (Spo0J223—-269) was
cloned using the vector pOPTM (O. Perisic, personal com-
munication) and expressed as a hexahistidine-tagged protein
fused to the C-terminus of the MalE fragment of maltose-
binding protein (amino acids Met-1-Thr-367) with a linker
containing a TEV protease cleavage site (sequence ASSSG-
SENLYFQGSHM) between the two in C41 (DE3) cells. The
fusion protein was purified by Ni?*-NTA affinity chromatogra-
phy according to the protocol used for the full-length and
truncated proteins. The protein was buffer exchanged into
20 mM Tris, pH 8.5, 200 mM NaCl using a Sephadex G25 gel
filtration column (Amersham). The eluate was concentrated
to 10 mg ml™" and incubated with TEV protease (O. Perisic,
personal communication) at a ratio of 1 TEV:40 MalE-
Spo0J223-269His, for 3 h at room temperature. The cleav-
age product GSHMSpo0J223—-269His; was isolated by
size exclusion on a Sephacryl S100 gel filtration column
(Amersham).

Selenomethionine-substituted Spo0J

Selenomethionine  (SeMet)-substituted  protein ~ was
expressed in the C41 (DE3) RIL (codon plus) host, which is
non-auxotrophic for methionine, and methionine biosynthesis
was inhibited by the growth conditions (Van Duyne et al.,
1993). A 1:1000 preculture in 2x TY medium was used to
inoculate 250 ml of M9 minimal medium supplemented
with 0.4% glucose, 2 mM MgSO,, 100 ug mI~" ampicillin,
35 ug ml' chloramphenicol, vitamins and trace elements.
After growth overnight, the culture was diluted 1:50 into 12 |
of minimal medium as above. After 10 h (ODgy = 0.3),
100 mg I"" pL-selenomethionine (Fisher), 100 mg I lysine,
threonine and phenylalanine and 50 mg I~ leucine, isoleu-
cine and valine were added as solids. IPTG (1 mM) was
added after 15min, and cells were grown for 13h
(ODgyo = 1.1). Methods of protein purification were identical
to that for the unsubstituted protein with all Ni?*-NTA buffers
supplemented with 5 mM B-mercaptoethanol and all other
buffers supplemented with 5 mM dithiothreitol (DTT).

Crystallization and data collection

Crystals were grown by the sitting drop vapour diffusion tech-
nique using 0.1 M sodium acetate, pH 4.0-5.0, 0.1-0.4 M
KBr, 8% PEG550-MME, 8% PEG20K as the crystallization
solution. Initial screens were performed using a Cartesian
crystallization robot, which was set up to dispense
100 nl + 100 nl drops. A total of 1152 initial conditions were
screened, and crystallization occurred under three very sim-
ilar conditions. Droplets composed of one part 7.5 mg ml™
protein solution and one part crystallization solution were
equilibrated at 19°C for 1 week. Needle-like crystals grew
from clear drops, and optimization of growth conditions failed
to change the crystal morphology. Addition of 0.09 M hexam-
ine cobalt trichloride facilitated the growth of single crystals
belonging to space group C222. Crystals were soaked in
cryobuffer containing 20-25% MPD and vitrified in liquid
nitrogen. A native data set from a frozen crystal was collected
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to 2.3 A on ID14-4 at the ESRF, Grenoble, France. MAD data
sets from a single selenomethionine-substituted crystal were
also collected on ID14-4 at the ESRF.

Structure determination and refinement

All data were indexed and integrated with the MOSFLM pack-
age and processed further using the ccp4 suite of programs
(Project, 1994). Identification of 35 selenium atoms was per-
formed by SHAKE ‘N’ BAKE (Miller et al., 1994), and phasing
was performed by SHARP (La Fortelle, 1997). Solvent flatten-
ing using 46% solvent produced an almost perfect electron
density map. After initial model building, the non-crystallo-
graphic symmetry was determined as four dimers per asym-
metric unit. Averaging and phase extension yielded a final
experimental map at 2.3 A resolution. All four dimers of
Spo0J were built using MAIN and refined using CNS with Engh
and Huber stereochemical parameters (Engh, 1991). Details
of the final model are summarized in Table 2.

Analytical sedimentation

Sedimentation equilibrium and velocity experiments were
performed in a Beckman Optima XL-A analytical ultracentri-
fuge with an An60-Ti rotor, with the sample in various buffers
as described in the text.

Velocity

Sedimentation velocity was at 60 000 rev min~', 20.0°C, with
scans of the single cell taken at 0 min intervals (to obtain
scans as closely spaced as possible) or 2.5 min intervals.
Adjacent sets of data (up to 12 scans, but fewer when this
many would give broadening) were analysed by the method
of Stafford (1994, 1997) using the program DCDT+ (Philo,
2000).

Equilibrium

Sedimentation equilibrium was typically performed at 10 000
or 15000 rev min™", 20.0°C, with initial overspeeding 50%
faster for 6 h to reduce the time to reach equilibrium (Van
Holde and Baldwin, 1958). Long sample columns were used,
with cells loaded at a variety of initial concentrations. Scans
(averaging 10 readings) were taken at 230 nm at 24 h inter-
vals until no movement of the distribution was visible, when
final scans (averaging 100 readings) were taken and
assumed to be operationally at equilibrium. The rotor was
then accelerated to pull the macromolecule away from the
meniscus, and further scans were taken to provide initial
estimates of the baseline for each cell.

Measurement of density increments and
extinction coefficients
ap
C>
(component 2), at constant chemical potential of water (com-
ponent 1) and all diffusible solutes (components 3), at 5.0°C
in 20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM MgSO, was
calculated directly from the difference in densities of a solu-

The density increment K ) } for the macromolecule
u

tion of the macromolecule and the solvent, where the solution
was at dialysis equilibrium with the solvent. The densities of
both the buffer and the solution were measured with a DMA
60 digital density meter, with a DMA 602 measuring cell
(Anton Paar) (Kratky et al., 1973) The concentration of the
macromolecule (¢,) was measured for the protein alone by
amino acid analysis.

The solvent density and viscosity, at different temperatures
and for buffers of different composition, were calculated using
the program SEDNTERP (Laue et al., 1992).

Spectra were plotted for the sample solutions, used for
measurements of the densities, enabling appropriate extinc-
tion coefficients to be calculated using the protein concentra-
tions determined from the amino acid analyses.

DNA-binding assays

A 16 bp DNA fragment containing the Spo0J binding site from
B. subtilis (Lin and Grossman, 1998) was used as the probe
in gel mobility shift assays. Two oligonucleotides, 5-TGTTC
CACGTGAAACA-3" and its complement 5-TGTTTCACGTG
GAACA-3’, were annealed by heating an equimolar mixture
of the complementary single-stranded oligonucleotides at
99°C for 10 min and cooling to room temperature overnight.
Binding reactions were performed in a volume of 10 pl in
20 mM Tris-HCI, pH 8.0, 5 mM MgSO,. Each reaction con-
tained 300 uM parS DNA and 0-300 uM purified, hexahisti-
dine-tagged Spo0J. The reactions were incubated at 25°C for
20 min, mixed with gel loading buffer and run on a 1% aga-
rose gel in 0.5x TB buffer. For gel retardation of plasmid DNA
containing a single parS site, 2.8 pmol of a pUC19 derivative
plasmid, pUOJ (H. Ferreira, personal communication), engi-
neered to contain a single parS site, was incubated with 0—
1000 pmol of full-length Spo0J and Spo0J1-222 in 20 mM
Tris, pH 8.0, 100 mM NaCl, 5 mM MgSO, at 25°C for 20 min.
Gels were stained with ethidium bromide and visualized on
a UV transilluminator.
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