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SMC (structural maintenance of chromosomes) proteins are large coiled-
coil proteins involved in chromosome condensation, sister chromatid
cohesion, and DNA double-strand break processing. They share a con-
served five-domain architecture with three globular domains separated
by two long coiled-coil segments. The coiled-coil segments are antiparal-
lel, bringing the N and C-terminal globular domains together. We have
expressed a fusion protein of the N and C-terminal globular domains of
Thermotoga maritima SMC in Escherichia coli by replacing the approxi-
mately 900 residue coiled-coil and hinge segment with a short peptide
linker. The SMC head domain (SMChd) binds and condenses DNA in an
ATP-dependent manner. Using selenomethionine-substituted protein and
multiple anomalous dispersion phasing, we have solved the crystal struc-
ture of the SMChd to 3.1 A resolution. In the monoclinic crystal form, six
SMChd molecules form two turns of a helix. The fold of SMChd is
closely related to the ATP-binding cassette (ABC) ATPase family of pro-
teins and Rad50, a member of the SMC family involved in DNA double-
strand break repair. In SMChd, the ABC ATPase fold is formed by the
N and C-terminal domains with the 900 residue coiled-coil and hinge
segment inserted in the middle of the fold. The crystal structure of an
SMChd confirms that the coiled-coil segments in SMC proteins are anti-
parallel and shows how the N and C-terminal domains come together
to form an ABC ATPase. Comparison to the structure of the MukB
N-terminal domain demonstrates the close relationship between MukB
and SMC proteins, and indicates a helix to strand conversion when N
and C-terminal parts come together.
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Introduction

proteins and are ubiquitous in eukaryotes and very
common in eubacteria and archaea. SMC proteins

SMC (structural maintenance of chromosomes)
proteins are large coiled-coil proteins, consisting of
about 800 to 1500 residues, involved in sister chro-
matid cohesion, chromosome condensation, and
DNA double-strand break processing (for recent
reviews, see Cobbe & Heck, 2000; Hirano, 1998;
Jessberger et al., 1998). They form a large family of

Abbreviations used: SMC, structural maintenance of
chromosomes; hd, head domain; cd, catalytic domain;
ABC, ATP-binding cassette; MAD, multiple anomalous
dispersion; DSBR, double-strand break repair; HisP,
histidine permease.
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consist of five domains. The globular N and
C-terminal domains are connected by a long
coiled-coil region to a globular hinge domain,
resulting in a V-shaped or headphone-like struc-
ture. The N-terminal domain contains a Walker A
motif, whereas the C-terminal domain contains a
Walker B motif (Walker et al., 1982). SMC proteins
bind ATP and have weak ATPase activity. SMC
molecules probably form heterodimers in eukar-
yotes and are homodimers in eubacteria and
archaea. They contain about 800 to 1500 residues
per chain, producing molecules that, when fully
stretched, are 1000-1500 A long. Using electron
microscopy, it has been shown that the coiled-coil
segments are antiparallel and that the N and

© 2001 Academic Press
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C-terminal domains are located at both ends of the
V-shaped molecule (Melby et al., 1998). The hinge
domain is placed at the neck of the V-shaped mol-
ecule. Two arrangements of the dimers are poss-
ible, with one SMC chain going from one end of
the V to the other, or one SMC chain forming only
one leg of the V-shaped molecule, in both cases
forming the same antiparallel coiled-coil. In both
arrangements, the hinge domains dimerize, but the
N and C termini form either intra- or intermolecu-
lar heterodimers. The crystal structure of the N-
terminal domain of MukB, a distantly related SMC
homologue in Escherichia coli, showed that the
Walker A motif is exposed on the surface and indi-
cated strongly that the N and C-terminal domains
in SMC molecules have to come together in a
single domain to create a functional ATPase (van
den Ent et al., 1999). A recent crystal structure of
the Rad50cd (catalytic domain) confirmed that the
N and C-terminal domains of an SMC protein
involved in DNA double-strand break repair form
a single globular ABC (ATP-binding cassette)
ATPase domain (Hopfner et al., 2000).

On the basis of their sequences and function,
SMC proteins can be grouped into eight families
(Cobbe & Heck, 2000). The first four families con-
tain SMC proteins SMC1-SMC4, which are
involved in chromosome dynamics in eukaryotes.
Families 5 and 6 contain the Rad50 and Rad18 pro-
teins that are involved in DNA repair. Bacterial
SMC proteins and distantly related SMC proteins
like E. coli MukB form SMC families 7 and 8,
respectively.

In eukaryotes, SMC1 and SMC3 are part of 14 S
cohesin, together with Sccl and Scc3 (yeast pro-
teins) (Koshland & Guacci, 2000; Nasmyth et al.,
2000). During the separation process of sister chro-
matids, at the metaphase-to-anaphase transition,
Sccl is proteolytically cleaved by separin protein
Espl. A tentative model of the role of SMCs in this
process is that Sccl/Scc3 bind two SMC heterodi-
mers each with DNA bound to their head
domains.

Eukaryotic SMC2 and SMC4 are part of the 13 S
condensin complex, together with three other pro-
teins (Hirano et al.,, 1997, Hirano & Mitchison,
1994). The condensin complex introduces (+)
writhe into DNA by bending the DNA into coils
that remodel the chromosome into a more compact
structure (Kimura et al., 1999). A very similar role
has been proposed for the MukBEF complex,
which is thought to be the functional homologue
of condensin in E. coli (Sawitzke & Austin, 2000).
However, no cofactor has been reported for other
bacterial SMC proteins so far.

A third role for SMC proteins is in DNA repair.
The two double-strand break repair (DSBR) path-
ways, homologous recombination and non-hom-
ologous end joining depend on the Rad50/Mrell/
Nbsl complex (Haber, 1998). Rad50 is a member of
a specialized subfamily of SMC proteins, together
with SbcC from E. coli (Connelly et al., 1998) These
SMC proteins carry a unique signature motif

CXXC in the hinge domain, which is much smaller
in these proteins. The precise role of Rad50 in
DSBR is not known, but Rad50 mutants incapable
of ATP binding have a null phenotype.

SMC proteins are highly conserved. All eukar-
yotes from yeast to humans seem to contain at
least SMC1, 2, 3, and 4. Also in bacteria, SMCs are
wide-spread, but no SMC or MukB homologues
have been found for some organisms, such as Rick-
ettsin prowazekii and Methanobacterium thermoauto-
trophicum. In general, bacteria contain both an
SMC homologue and a Rad50/SbcC homologue.

Still enigmatic is the role of SMC proteins out-
side the cell. Bamacan, an extracellular proteogly-
can, contains or is SMC3 protein. Overexpression
of SMC3/bamacan in fibroplasts generated foci of
transformation and SMC3-overexpressing fibro-
plasts acquired anchorage-independent growth
(Ghiselli & Iozzo, 2000).

Here, we present the crystal structure of the
head domain of SMC from Thermotoga maritima at
3.1 A resolution as solved by multiple anomalous
dispersion (MAD). The SMC head domain
(SMChd) has been expressed in E. coli as a fusion
protein replacing the coiled-coil segment with a
short peptide linker segment.

Results

Protein expression and structure determination

In order to obtain a functional SMChd, a
covalent fusion of the N and C-terminal domains
of T. maritima SMC was cloned and expressed in
E. coli. From 121 of culture, approximately 10 mg
protein could be obtained. The protein is highly
soluble and stable in 200 mM sodium chloride-
containing buffer, and runs as a monomer under
these conditions on size-exclusion columns (data
not shown). It is not stable in low-salt buffer. After
incubation of the protein with MgATP, it remains
monomeric on size-exclusion columns in 200 mM
sodium chloride (data not shown). SMChd is
capable of ATP-dependent DNA aggregation, as
demonstrated in Figure 1.

SMChd has been crystallized using sodium for-
mate and PEG as precipitants to form trigonal and
monoclinic crystals. These crystals diffract to 2.8 A
resolution and are hemihedrally twinned with twin
fractions ranging from 0.3 to 0.4 as detected by
Yeates” statistical method (Yeates, 1997). The twin
operator is h +k, —k, = producing pseudo P3;12
symmetry. The monoclinic crystals diffract to 3.1 A
resolution and a selenomethionine-substituted
monoclinic crystal was used in a three-wavelength
MAD experiment to solve the phase problem
(Table 1). All 30 sites were located using the anom-
alous differences of the PEAK wavelength and a
noise-free electron density map at 3.5 A resolution
was obtained (Figure 2(a)).

The atomic model contains residues 1-50 and
61-146 of the N-terminal domain, and residues
1024-1045 and 1060-1164 of the C-terminal domain.
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Figure 1 . SMC head domain (SMChd) DNA aggregation assay. Increasing amounts of SMChd were incubated
with digested ®X174 plasmid with and without ATP. All lanes: reactions in 100 mM Tris (pH 7.8), 100 mM NaCl,
10 mM magnesium acetate, 0.02 mg/ml ®X174/Haelll-digested plasmid DNA. Lanes 8-14 contain 2 mM neutralized
ATP, lanes 7 and 14 contain 1% SDS in the reaction. Increasing amounts of SMChd (lanes 1, 8 0.0156 mg/ml 1:1
serial dilution to 1 mg/ml lanes 7, 14) were incubated at 37 °C for ten minutes and separated on a 1% agarose gel in

TB buffer.

A portion of the final 2F, — F. electron density
map after refinement at 3. 1A resolution is shown
in Figure 2(b). The trigonal crystal form could be
solved by molecular replacement using the refined
SMChd model and hemihedrally detwinned data.

SMChd crystal structure

The N and the C-terminal parts of SMC from
T. maritima form a single globular domain with the
coiled-coil segment inserted between helices HD
and HE (Figure 3). The structure contains three
B-sheets with the central f-sheet containing
elements from both the N and C-terminal parts of
the molecule. The N-terminal part contributes the
lower (Figure 3) antiparallel B-sheet, strand S3 to

Table 1. Crystallographic data

the central B-sheet, the P-loop between S3/HA,
and S8 to the central B-sheet. It ends with helix
HD, which, together with helix HE, points in the
direction of the coiled-coil attached to the SMC
head domain. The 14 amino acid residue linker
used to create the SMChd fusion protein is not
ordered in the crystal structure, suggesting it is
flexible and designed long enough not to create
structural tension between the N and C-terminal
parts. The SMC C-terminal part contributes the
upper small B-sheet, as well as helices HE, HF, and
HG to SMChd (Figure 3). Helices HE, HF, and HG
are sandwiched between the upper and central
B-sheet.

Both the monoclinic and trigonal crystal forms
contain a continuous helix of head-to-tail arranged

Crystal MA) Resol.(A) I/cl? R, (%)P Multipl.  Compl. (%)* Occupancies® f/ft
PEAK 0.9787 35 53 0.058 6.4(3.2) 97.2 8.4(8.5) —6/7
INFL 0.9790 35 44 0.075 7.4(3.7) 97.8 0.000(2.6) ~10/3
HREM 0.9137 3.5 3.9 0.079 7.4(3.7) 97.8 11.3(4.5) -2/3
NATI 1.2440 3.1 3.0 0.071 2.3 97.3

Space group P2,(4), a =134.00 A, b =49.19 A, c =233.88 A, B =94.63°.

# Sign

al to noise ratio for the highest resolution shell of intensities.

Y Rt T Zill(hi) — I(h)|/ 2, %; I(h,i) where I(h,i) are symmetry-related intensities and I(h) is the mean intensity of the reflection with

unique index h.

¢ Multiplicity for unique reflections, anomalous multiplicity in parentheses.
4 Completeness for unique reflections, anomalous completeness is identical because inverse beam geometry was used.
¢ Occupancies refined in MLPHARE. Occupancies for MAD datasets given in units of scattering electrons.

f f//f" ratio as determined from fluorescence scan of the crystal.
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Figure 2. (a) Stereo drawing of the solvent-flattened MAD electron density map at 3.5 A resolution (contoured at
10). Residues 1130-1160 of the C-terminal part of SMChd are shown. (b) Stereo drawing of the same stretch of resi-
dues with the final 2F, — F_ electron density map at 3.1 A resolution superimposed. The Figure was prepared with

MAIN (Turk, 1992).

SMChd molecules (Figure 4(a)). The trigonal crys-
tal form is made from six of these helices related
by 2-fold axes (Figure 4(b)). The 3, screw axis of
the crystals generates the helical repeat from six
monomers. The monoclinic crystal form contains
one helix per asymmetric unit with six non-crystal-
lographically related SMChd molecules generating
two turns of the same 3, helix as in the trigonal
crystal form. Both crystal forms suffer from a lack
of crystal contacts linking these helices together,
giving rise to very anisotropic scattering. In the
case of the monoclinic crystals, the helices are tilted
by 45° relative to the crystal axes.

SMChd is an ABC ATPase

A DALI search (Holm & Sander, 1995) for
related structures showed a very clear relationship
of the fold of SMChd to the recent structure of the

Rad50 catalytic domain (PDB ID 1F2T, chain A, B,
Hopfner et al., 2000), MukB N-terminal domain
(PDB ID 1QHL, van den Ent ef al., 1999), and histi-
dine permease ATP-binding domain (PDB ID
1BOU, Hung et al, 1998), a prototypical ABC
ATPase (ATP-binding cassette). For Rad50, 243 C*
atoms were superimposed with a RMS deviation
of 3.0 A. MukB could be superimposed with only
112 C* atoms and an RMS deviation of 2.9 A. His-
tidine permease (HisP) superimposes with 192 C*
atoms and a RMS deviation of 3.8 A. A structure-
based sequence alignment is shown in Figure 5.
The four related structures with their common core
are shown side-by-side in Figure 6.

Rad50 is a member of the SMC family involved
in double-strand DNA repair and the catalytic
domain consists of N and C-terminal parts very
similar to SMChd. The two structures are very clo-
sely related, although the overall sequence identity
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Figure 3. Ribbon representation of the SMChd crystal structure. N-N and C-N refer to the N and C termini of the
N-terminal part, respectively. N-C and C-C refer to the C-terminal part accordingly. The deduced position of the
coiled-coil is indicated. The N-terminal part of SMChd is colored in orange, the C-terminal part in blue. The
Figure was prepared with MOLSCRIPT (Kraulis, 1991).
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Figure 4. (a) Ribbon representation of the six non-crystallographically related molecules in the asymmetric unit of
the monoclinic crystal form. Six SMChd molecules form two turns of a head-to-tail 3, helix (prepared with MOL-
SCRIPT, Kraulis, 1991). (b) Stereo representation of the six NCS-related molecules in the asymmetric unit of the trigo-
nal space group. The same 3; SMChd helix as in the monoclinic crystals is formed by each of the six molecules by
crystallographic P3; symmetry perpendicular to the paper plane (prepared with MAIN, Turk, 1992).
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is only 18 % based on the structure-based sequence
alignment (Figure 5). SMChd has a longer loop
between HA and S4 and the upper B-sheet is in a
different conformation. The numbering of second-
ary structure elements in SMChd follows that of
Rad50 (Hopfner et al., 2000), although S8 has not
been assigned in Rad50 and p-strands from S8
onwards have different numbers. Helix HC in
Rad50cd is only a helical loop in SMChd. Residues
implicated in nucleotide binding in the Rad50cd
dimer structure are highly conserved: Walker A (P-
loop) and Walker B motifs, the Q-loop involved in
nucleotide-dependent conformational changes, and
the signature motif of the ABC ATPase family,
which is involved in dimer formation (Figure 5).
Also conserved are the D-loop and a histidine resi-
due involved in activation of the attacking water
molecule in the Rad50 dimer structure (Hopfner
et al., 2000).

The N-terminal domain of MukB corresponds to
the N-terminal part of SMChd with three major
differences (Figure 6): the lower B-sheet contains a
large insertion between S6 and S7, which in MukB
contains two helices and a long loop that sit under-
neath the B-sheet. In SMChd, two strands from the
N-terminal part form a B-sheet with four strands of
the C-terminal part. These strands are absent from
the MukB structure and corresponding sequence
regions adopt different structures. Interestingly, in

K.ENS.KHTQFIVITHNKIVM. EAADLLHGVTMVNGVSAL . VPVEVEKJ. LEV.

secondary structural elements. The
Figure =~ was  prepared  with
ALSCRIPT (Barton, 1993).

MukB S3 is a helix preceding the P-loop and S8 is
a loop segment between two helices that probably
correspond to helices HC and HD in SMChd. On
the sequence level, the Q-loop is not conserved in
MukB (Figure 5).

SMChd is an ABC ATPase, as can be seen from
the convincing structural similarity to histidine
permease nucleotide-binding domain (HisP,
Figure 6, Hung et al., 1998). The lower B-sheet con-
tains one strand less in HisP and in a slightly
altered order but, on the sequence level, all func-
tional motifs are highly conserved. The coiled-coil
in SMChd and Rad50 extends from helices HD and
HE, and these two helices are conserved in HisP.
The coiled-coil domain in SMC proteins can there-
fore be regarded as a 900 residue insertion in the
loop between these two helices.

A sequence alignment of 15 SMC proteins from
eukaryotes, eubacteria, and archaea mapped onto
the SMChd structure (Figure 7) shows the expected
pattern of very high sequence conservation in func-
tional motifs. This involves the P-loop, Walker B
motif, Q-loop, and D-loop involved in nucleotide
hydrolysis and the signature motif that has been
implicated in dimer formation in Rad50. These
functional motifs are all conserved between HisP
and SMChd as well, highlighting the close relation-
ship between SMC proteins and ABC ATPases.



SMC Crystal Structure 31

His permease SMChd T. maritima Rad50cd MukB N-term.
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Figure 6. Structural alignment of histidine permease protein HisP from Salmonella typhimurium (PDB ID 1BOU),
SMChd from Thermotoga maritima (PDB ID 1E69), Rad50 from Pyrococcus furiosus (PDB ID 1F2T chains A, B), and the
N-terminal domain of MukB from Escherichia coli (PDB ID 1QHL). The structures have been aligned pairwise to
SMChd in the orientation shown here and in Figures 3 and 7 using DALI (Holm & Sander, 1995). Regions not found
in all structures are colored in grey. The C and N-terminal parts of SMChd, Rad50, and MukB have been colored in
blue and orange, respectively. Strand S3 is a helix in MukB and this has been highlighted in yellow. The top helices
in MukB may correspond to the segment HC-S8-HD in SMChd/Rad50. RMS deviations are listed in Materials and
Methods. The Figure was prepared with MOLSCRIPT (Kraulis, 1991).
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Figure 7. The 15 SMC sequences from SMC families SMC1-4 and the bacterial SMC family have been aligned
using CLUSTALW (Thompson et al., 1994) and the sequence conservation has been mapped onto a worm represen-
tation of SMChd. Red corresponds to 100% conservation, blue to 0% conservation. Loops showing very high

sequence conservation correspond to the functional sequence motifs highlighted in Figure 5. The Figure was prepared
with MOLSCRIPT (Kraulis, 1991).
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Discussion

In this study we have produced functional SMC
head domain (SMChd) from T. maritima by fusing
the first 152 residues to the last 148 residues with a
short, 14 residue, peptide linker. The construct is
capable of DNA aggregation and the DNA aggre-
gation is reversible with SDS, suggesting that a
protein is involved (Figure 1). Addition of ATP
does increase the efficiency of the reaction but this
is not as pronounced as reported for Rad50cd
(Hopfner et al., 2000). Using a fusion protein is con-
venient because there is no danger of losing one
chain. Replacing the coiled-coil in SMChd with a
peptide linker connects two regions that are close
together in the full-length protein. We were not
able to show stable dimerization under any con-
dition for this construct (data not shown). One
reason for this is that the molecule forms high-
order aggregates in low-salt buffer and the dimer
may be not stable in the 200 mM sodium chloride
needed to keep the protein monodisperse and
folded. Neither the C-terminal His,-tag nor the lin-
ker appear to hinder dimer formation, if compared
to the Rad50 dimer structure (Hopfner et al., 2000).

SMChd has been crystallized under high sodium
formate conditions in space group P3;, but these
crystals are hemihedrally twinned and not suitable
for structure determination. A monoclinic crystal
form was produced and could be used for seleno-
methionine  MAD  structure  determination.
Although these crystals are very mosaic (1.8°) and
diffract anisotropically to 3.1-3.5 A resolution only,
30 sites could be located using Shake’n Bake
(Miller et al., 1994) and a clean electron density
map could be obtained. The monoclinic crystals
contain six molecules per asymmetric unit. The
very anisotropic diffraction could immediately be
explained by a helical arrangement of six SMChd
subunits. Using the refined atomic model of
SMChd as a search model, the structure of the
twinned trigonal crystals could be solved by mol-
ecular replacement. Six molecules per asymmetric
unit were positioned but in the trigonal crystals
they form six non-crystallographic symmetry
(NCS) related helices generated by crystal sym-
metry. The packing in these two crystal forms is
therefore closely related and these two crystal
forms appeared under many different conditions.
Co-crystallization with different nucleotides in the
reactions produced the same crystal forms with no
nucleotide bound (data not shown). The interaction
producmg the helical filament of SMChd molecules
is substantial (1157 A2, about 10 % of the surface of
one SMChd molecule, Figure 4(a)). The small
B-sheet formed by S9, S10, and S11 stacks to the
large B-sheet of the N-terminal part from S2 to S7.
We think it is unlikely this helical arrangement has
biological relevance, since the residues involved in
this interaction are among the least well conserved
in the SMC family of proteins (Figure 7). However,
the binding of SMC molecules to DNA is highly
cooperative, indicating very close packing of the

head domains on DNA; even filament formation
has been suggested (Strunnikov, 1998).

The most striking feature of the SMChd crystal
structure is the way the N and C-terminal parts
come together to form a single globular domain.
The middle B-sheet (Figure 3) contains four strands
from the C-terminal part and two strands from the
N-terminal part. This explains why co-expression
(Rad50, Hopfner et al., 2000) or fusion (SMChd)
was necessary to get head domains expressed. It
also questions some of the earlier experiments
done with isolated N or C-terminal SMC constructs
(Akhmedov et al, 1998, 1999; Lockhart &
Kendrick-Jones, 1998; Saleh et al., 1996). Another
important finding, reported with the Rad50cd
crystal structure (Hopfner et al., 2000), is the close
relationship of SMC head domains to ABC
ATPases (Figures 5 and 6). The structures superim-
pose very well and all loops involved in nucleotide
binding and dimerization are conserved in three
dimensions as well as in the primary sequences.
The exceptionally long coiled-coil can therefore be
regarded as an insertion between helices HD and
HE of an ordinary ABC ATPase fold. The SMChd
structure together with Rad50 confirm the exist-
ence of an antiparallel coiled-coil in all SMC pro-
teins (Melby et al., 1998; Saitoh et al., 1995).

The N-terminal domain of MukB, a distant SMC
homologue from E. coli, shows some surprising
differences from SMChd. Most importantly, S3 is a
helix in MukB (Figure 6). Looking at the sequence
alignment (Figure 5), it becomes clear that this
region is actually one of the most highly conserved
between MukB and the ABC ATPases, and that
there is no large insertion or deletion. On the basis
of the alignment and the fact that the structure of
the N-terminal domain of MukB was solved with-
out the C-terminal part (van den Ent et al., 1999),
we propose that this helix will rearrange into a
B-strand and ultimately form the middle sheet
when translated as a complete head domain. A
similar but less clear difference is S8, the second
B-strand of the N-terminal part donated to the
middle B-sheet. In MukB this region is a loop
between two helices that probably correspond to
helices HC and HD. This loop is the Q-loop in
Rad50, containing an important residue for
ATPase-dependent conformational changes
(Hopfner et al., 2000). The glutamate is not con-
served in MukB. Taken together, the overall simi-
larity of the N-terminal domain of MukB suggests
that it is an SMC molecule capable of forming a
head domain from its N and C-terminal parts.
However, some remarkable conformational
changes are necessary for the head domain for-
mation in MukB, and it seems surprising that an
isolated domain is stable on its own at all. Since
proteins are translated from the N to the C termi-
nus, it may be a built-in property of the N-terminal
domains to be stable without the C-terminal
domains, which are unstable when expressed alone
(data not shown; and Andrew Lockhart, personal
communication).
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Comparison of SMChd to Rad50cd reveals that
they are almost identical (Figure 6). This can be
seen also from the structure-based sequence align-
ment. Although the overall sequence identity in
this alignment is only 18 %, the structures super-
impose very well and all residues involved in ATP
binding or dimerization in Rad50cd are conserved.
This raises the important question of how a mol-
ecule involved in DNA double-strand break repair
(Rad50) can be so similar to a protein involved in
chromosome condensation (SMChd). The answer
to this question probably lies in the hinge domain,
which is different between Rad50 proteins and
SMC proteins. SMC proteins have larger hinge
domains and are V-shaped, whereas Rad50 is a
more headphone-shaped molecule and has a
CXXC signature motif in the hinge domain
(Sharples & Leach, 1995). Other cofactors, like
cohesin or condensin subunits, are therefore most
likely to bind to the hinge domain. The SMC
head domain’s role would then be limited to DNA
binding and probably dimerization. An important
finding of the Rad50 structure is dimerization-
dependent ATP binding (Hopfner et al., 2000). Two
head domains have to come together to bring
Walker A and Walker B motifs from two subunits
in close proximity to form two ATP-binding sites
at the interface of the two head domains. Although
we do not see dimer formation for SMChd in the
crystals or in gel-filtration experiments, ATP bind-
ing of SMChd will require dimerization, as Rad50
and SMChd are structurally very similar. An expla-
nation would be the salt concentrations used in
our experiments that are required to keep the pro-
tein soluble, but may interfere with dimer for-
mation. The ATP-dependent dimer formation of
Rad50, which is in line with its place in the ABC
ATPase family of proteins, suggested a mechanism
for SMC proteins in which two heads form a
coiled-coil linked dimer (Hopfner et al., 2000). The
coiled-coil would ensure an increased probability
for an intramolecular dimer and ATP hydrolysis
could switch the molecule from dimer to the
monomer state. This model requires additional
factors, since SMC’s work in a stoichiometric or
non-catalytic way (Kimura & Hirano, 1997) and
the dimer state must not switch to the monomer
state on its own. No such additional factor has
been isolated so far, and the Rad50 active site
seems to be complete when compared to other
exchange factors requiring NTPases.

A molecular understanding of SMC function
would greatly benefit from visualization of
DNA binding both at the molecular and the ultra-
structural level.

Materials and Methods

Cloning, expression, and crystallization

SMChd is the fusion of the N-terminal 152 residues of
T. maritima SMC (SWALL:Q9X0R4, WWW.TIGR.ORG:
TM1182) with its C-terminal 148 residues. These

domains are linked with a 14 residue linker peptide
(ESSKHPTSLVPRGS), containing a thrombin cleavage
site, which has not been used in this study. The construct
has a Hisstag attached to the C  terminus
(GSHHHHHH). Genomic DNA purified from living
T. maritima cells (DSMZ, Braunschweig, DSM 3109)
was PCR amplified using pfu DNA polymerase and
the following primers: TGACTACCATATGAGACT-
GAAAAAACTCTACTTA, TGACATCACTAGTAGGG-
TGCTTACTAGATTCCAATCTCAGTTCTTCAGGTGAG-
GC for the N-terminal domain and TGACTGCAC-
TAGTCTGGTTCCGCGTGGGTCGTACCAGAGGGTGA-
ACGAGAGTTTC, AGTCTACGGATCCCACCTCCAGT-
ATTTTCTCCACCTC for the C-terminal domain, result-
ing in DNA fragments of 499 bp and 490 bp, respect-
ively. These fragments were digested with Spel, ligated
and re-amplified using the outermost primers, resulting
in a single DNA fragment that was digested with Ndel/
BamHI and ligated into cleaved pHis17 (Bruno Miroux,
personal communication), resulting in vector pHis17-
SMChd. C41(DE3) cells (Miroux & Walker, 1996) were
transformed and produced SMChd after induction with
IPTG. The expressed protein contains 322 residues and
has a molecular mass of 35.8 kDa. For large-scale
expression, 12 1 of 2 x TY medium containing 100 pg/ml
ampicillin was inoculated with a 1:100 diluted overnight
culture and grown until A4y, of 0.2-0.3 at 37°C, before
induction with IPTG. Cells were harvested and frozen in
liquid nitrogen. The cells were opened by sonication
after the addition of lysozyme in 50 mM Tris (pH 8.0).
After centrifugation, the lysate was loaded onto a 12 ml
Ni?*t-NTA column (QIAGEN). After an extensive wash
with 300 mM NaCl, 20 mM imidazole, then 50 mM and
100 mM imidazole, all in 50 mM Tris (pH 6.0), the pro-
tein was eluted with 300 mM imidazole, 50 mM Tris
(pH 6.0). Peak fractions were pooled and concentrated
before loading onto a Sephacryl 5200 16/60 size-exclu-
sion column (Amersham-Pharmacia), equilibrated in
20 mM Tris (pH 7.5), 200 mM NaCl, 1 mM EDTA, 1 mM
sodium azide. The protein eluted as a single peak and
can be stored for several months at 4°C. Selenomethio-
nine-substituted protein was produced as described (van
den Ent et al., 1999; van Duyne et al., 1993) with 5 mM
DTT in the final buffer for size-exclusion chromatog-
raphy and storage. Electrospray mass spectrometry
measurements of the non-substituted protein and the
selenomethionine-containing protein was used to check
selenomethionine  incorporation (SMChd observed
35836.8 Da, calculated 35840.1 Da; SeMetSMChd,
observed 36072.0 Da, calculated 36074.6 Da).

Monoclinic crystals were grown using sitting-drop
vapor diffusion. The reservoir solution contained 0.1 M
sodium citrate (pH 5.6), 0.1 M ammonium sulfate, 22 %
PEG6000, and 13 pM urea. Drops were composed of 2 ul
reservoir and 2 pl protein solution at 10 mg/ml and
were left for one week to equilibrate. Selenomethionine-
substituted protein was crystallized under the same con-
ditions. Trigonal crystals were grown using sitting-drop
vapor diffusion and reservoir solution containing 0.1 M
sodium acetate (pH 5.0), 1.6 M sodium formate, and
trace amounts of dimethylsulfoxide (DMSO).

Data collection, structure determination,
and refinement

Trigonal SMChd crystals were frozen in liquid nitro-
gen using cryoprotectant containing 0.1 M sodium acet-
ate (pH 5.0), 2 M sodium formate, 20 % (w/v) glycerol,
200 mM NaCl, and 0.004% (v/v) DMSO. Monoclinic
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Table 2. Refinement statistics

Model N-terminal domain: 1-50, 61-146
C-terminal domain: 1024-1045,
1060-1164
Six monomers/ asymmetric unit, no

water molecules

Diffraction data NATIL 3.1 A, all data

R-factor, R-free® 0.250, 0.272
B average/bonded (A%  73.9,1.5
Geometry*®

Bonds (A) 0.009

Angles (deg.) 1.395
Ramachandran (%)¢ 84.0/0.0
Restrained NCS (A)® 0.05
PDB IDf 1E69, R1E69SF

2 5% of reflections were randomly selected for determination
of the free R-factor, prior to any refinement.

® Temperature factors averaged for all atoms and RMS devia-
tion of temperature factors between bonded atoms.

¢ RMS deviations from ideal geometry for bond lengths and
restraint angles.

94 Percentage of residues in the most favoured region of the
Ramachandran plot and percentage of outliers (PROCHECK,
Laskowski et al., 1993).

¢ RMS deviation between coordinates of atoms related by
non-crystallographic symmetry.

f Protein Data Bank identifiers for coordinates and structure
factors, respectively.

crystals were frozen in liquid nitrogen using cryoprotec-
tant containing 0.1 M sodium citrate (pH 5.6), 0.1 M
ammonium sulfate, 22 % PEG6000, 13 uM urea, 200 mM
NaCl, and 15 % glycerol. The trigonal crystals turned out
to be hemihedrally twinned. A three-wavelength
MAD experiment using monoclinic selenomethionine-
substituted SMChd crystals was performed to solve the
phase problem. All data were indexed and integrated
with the MOSFLM package (Leslie, 1991) and further
processed using the CCP4 (1994) suite of programs. The
MAD experiment was perfomed on beamline ID29 at the
ESRF, Grenoble, using an MAR345 imageplate detector
(MARresearch, Hamburg). Because the crystals suffer
from severe anisotropy, 0.5° per image was recorded.
The selenomethionine monoclinic SMChd crystals have a
mosaic spread of 1.6-2.0°: 19 selenium atoms could be
located in dataset PEAK using Shake'n Bake 2.1 (Miller
et al, 1994). Initial phases were calculated using
MLPHARE and SOLOMON assuming six monomers per
asymmetric unit (Matthews coefficient 3.6, 66 % (v/v)
solvent). The map showed all features of the protein and
the remaining 11 sites were located in an electron density
map based on anomalous Fourier coefficients. A first
model was build at 3.5 A resolution using MAIN (Turk,
1992). Crystallographic refinement was carried out using
CNS (Briinger et al., 1998) with Engh and Huber parama-
ters (Engh & Huber, 1991) against a maximum-likelihood
target and tight non-crystallographic restraints. The
native dataset was collected on beamline 14.1 at the SRS,
Daresbury. Parameters of the final model are summar-
ized in Table 2. The trigonal crystal form was solved by
detwinning the data using CNS (Yeates, 1997) (twin frac-
tion 0.29, twin operator h +k, —k, —I) and molecular
replacement using CNS.

DNA aggregation assay

Increasing amounts of SMChd (1 mg/ml, twofold
serial dilution) in 100 mM Tris (pH 7.8), 100 mM NaCl,
10 mM magnesium acetate were incubated with or with-
out 2 mM ATP, with or without 1% (w/v) SDS, and
0.02 mg/ml ®X174/Haelll-digested plasmid DNA at
37°C for ten minutes. Samples were separated on a 1%
(w/v) agarose gel in TB buffer. At high protein concen-
trations, monomeric DNA fragments disappear and form
high molecular mass aggregates that partly stay in the
loading well under the conditions used.

Protein Data Bank accession numbers

The coordinates and structure factors for the mono-
clinic crystal form have been deposited with the
Protein Data Bank (PDB ID codes 1E69 and R1E69SF,
respectively).
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