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The structural maintenance of chromosomes (SMC) protein encoded by the fission yeast rad18§
gene is involved in several DNA repair processes and has an essential function in DNA replication
and mitotic control. It has a heterodimeric partner SMC protein, Sprl8, with which it forms the
core of a multiprotein complex. We have now isolated the human orthologues of rad18 and spr18
and designated them hSMC6 and hSMC5. Both proteins are about 1100 amino acids in length and
are 27-28% identical to their fission yeast orthologues, with much greater identity within their N-
and C-terminal globular domains. The hSMC6 and hSMC5 proteins interact to form a tight
complex analogous to the yeast Rad18/Spr18 heterodimer. In proliferating human cells the
proteins are bound to both chromatin and the nucleoskeleton. In addition, we have detected a
phosphorylated form of hSMC6 that localizes to interchromatin granule clusters. Both the total
level of hSMC6 and its phosphorylated form remain constant through the cell cycle. Both hSMC5
and hSMC6 proteins are expressed at extremely high levels in the testis and associate with the sex
chromosomes in the late stages of meiotic prophase, suggesting a possible role for these proteins
in meiosis.

INTRODUCTION

Many aspects of eukaryotic cell cycle progression depend on
the maintenance and modulation of chromosome architec-

All these SMC proteins share the same characteristic struc-
ture, in which two extended coiled-coil domains, separated
by a short hinge region, are flanked by highly conserved
globular head and tail domains (Figure 1A). The a-helical

ture. The structural maintenance of chromosomes (SMC)
superfamily comprises proteins with important functions in
a number of chromosome maintenance activities, including
chromosome condensation, sister chromatid cohesion, and
DNA repair (reviewed by Hirano, 1998; Hirano, 1999; Strun-
nikov and Jessberger, 1999; Cobbe and Heck, 2000; Nasmyth
et al., 2000). In eukaryotes, six classes of SMC protein have
been identified. These are the four classical SMC subfamilies
(SMC1-SMC4), named for their Saccharomyces cerevisiae
members, along with the somewhat more distantly related
Schizosaccharomyces pombe Rad18 (SMC6) and Spr18 (SMC5)
groups (Jessberger et al., 1998; Fousteri and Lehmann, 2000).
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Abbreviations used: BSA, bovine serum albumin; EST, ex-
pressed sequence tag; FITC, fluorescein isothiocyanate; IGC,
interchromatin granule cluster; ORF, open reading-frame; PBS,
phosphate-buffered saline; SMC, structural maintenance of chro-
mosomes; PCR, polymerase chain reaction.
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coiled-coils are involved in protein-protein interactions and
the N- and C-terminal domains are thought to mediate ATP
binding and hydrolysis (Jessberger ef al., 1998). Members of
the SMC family form heterodimers, which probably adopt
an antiparallel conformation (Melby et al., 1998).

SMC heterodimers associate with a number of additional
proteins to form high molecular mass functional complexes.
In budding yeast, the Smcl/Smc3 heterodimer forms the
core of the cohesin complex, which is required to hold
replicated sister chromatids together until their segregation
at anaphase (Guacci et al., 1997; Michaelis et al., 1997). An
equivalent cohesin complex has been identified in Xenopus
laevis egg extracts (Losada et al., 1998) and human cells
(Schmiesing et al., 1998). In bovine cells, bSMC1/bSMC3
have also been shown to form a different complex with DNA
ligase III and DNA polymerase €, which has DNA strand
exchange activity in vitro (Jessberger ef al., 1996). The Smc2/
Smc4 heterodimer is part of the five-member condensin
complex, which is required for chromosome condensation at

1583


https://core.ac.uk/display/9664328?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Taylor et al.

A

Head Coiled-coil Hinge Coiled-coil Tail

hsMmcs [l 1 I } o
6B1/6B2 6A1

DmSMCé
CeSMC6
SpRadl8
ScRhel8
ScSmcl
ScSmc2

HsSMC5
DmSMC5
CeSMC5
SpSprls
ScSprl8
SecSmel
ScSmc2

D HsSMC6

MmSMC6
AtMIM
DmSMC 6 1036
CeSMC6 1049 K
SpRadl8 1042
ScRhcl8 1017
ScSmcl 1127
ScSmc2 1086

HsSMC5
DmSMC5
CeSMC5 1039
SpSprl8
ScSprls
S5cSmcl 1127
ScSme2 1086

Signature motif

Figure 1. Mammalian SMC5 and SMC6 proteins. (A) Schematic of the hSMC5 and hSMC6 proteins showing the conserved Walker A
nucleotide-binding motif and the Walker B motif in red and green, respectively, and the bipartite nuclear localization motif in blue. The
underlines represent the regions of protein against which the indicated antibodies were increased. (B) Genomic localization of the mSMC6
gene. Double stain with the use of Texas Red-mSMC6 DNA (red) and an FITC-labeled chromosome 12 telomere-specific probe (green). (C
and D) Amino acid sequence alignments between the hSMC6 and hSMC5 N-terminal (C) and C-terminal (D) regions and published SMC
protein sequences. Identical amino acids are highlighted in black and conserved residues are indicated in gray.
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mitosis in S. cerevisiae, S. pombe and X. laevis (Strunnikov et
al., 1995; Hirano et al., 1997; Sutani et al., 1999). Human
orthologues of Smc2 and Smc4 (hCAP-E and hCAP-C) have
been identified and are also found to be part of a complex
(Schmiesing et al., 1998; Shimizu et al., 1998). Recently we
isolated the third SMC complex from fission yeast, which
plays a role in the recombinational repair of DNA strand
breaks (Fousteri and Lehmann, 2000). The DNA repair pro-
tein Rad18 and its partner Spr18 form the SMC core of this
high molecular mass complex, which in addition, contains at
least five other uncharacterized components.

Although our understanding of DNA damage responses
has made great progress over the last few years, S. pombe
rad18 is one of several genes involved in the responses to
DNA damage whose functions remain poorly understood.
We and others showed in previous studies that the Rad18
protein is required for several different processes, including
the repair of DNA double-strand breaks produced by ion-
izing radiation (Verkade ef al., 1999), an alternative excision
repair mechanism for removing UV damage (Lehmann et al.,
1995), and tolerance of DNA damage during DNA replica-
tion (Murray et al., 1997). There is also evidence of a poten-
tial role for Rad18 in maintaining checkpoint-dependent cell
cycle arrest in response to DNA damage (Verkade et al.,
1999). Moreover, analysis of a rad18 null mutant has re-
vealed an essential function, possibly related to DNA repli-
cation and mitotic control (Lehmann et al., 1995; Fousteri and
Lehmann, 2000). We have speculated that the function of the
Rad18/Spr18 complex might be to hold broken DNA mol-
ecules in a specific configuration to facilitate repair by re-
combination. The double-strand DNA damage that is re-
paired in this manner could be either a double-strand break
produced directly by ionizing radiation or a UV photoprod-
uct opposite a gap or stalled replication fork generated
during the replication of UV-damaged DNA (Lehmann et al.,
1995; Fousteri and Lehmann, 2000). Further evidence of a
recombination function for Rad18 has come from recent
work with Arabidopsis thaliana, in which a fourfold decrease
in intrachromatid recombination was observed after the in-
activation of the A. thaliana rad18 orthologue (Mengiste et al.,
1999).

In this paper we describe the isolation and characteriza-
tion of mammalian orthologues of S. pombe Radl8 and
Spr18. Confusion surrounds the nomenclature of the yeast
rad genes. In particular S. pombe radl8 is unrelated to S.
cerevisine RAD18, and the human homologue of S. cerevisiae
RAD18 has already been designated hRad18 (Tateishi et al.,
2000). In an attempt to minimize further confusion, we have
designated the human homologue of S. pombe rad18 hSMC6
and of its partner spr18 as hSMC5 (c.f., Jessberger et al., 1998).

MATERIALS AND METHODS
Cloning of the hSMC5 and hSMC6 cDNAs

Degenerate oligonucleotide primers, designed to yield a polymerase
chain reaction (PCR) product spanning the conserved C-terminal
region of the Rad18 (SMC6) family, were used to PCR amplify a
fragment from human cDNA. The PCR product was used as a probe
to screen a human testis Agtll cDNA library (Clontech, Palo Alto,
CA). Several truncated clones were isolated and a 120-bp fragment
from one of these cDNAs was used to rescreen the cDNA library
and identify clones containing an additional 5’ sequence. The 5'-end
of hSMC6 was PCR amplified from the largest of these clones and
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was used to assemble the full-length 1SMC6 open reading frame
(ORF) (DDBJ/EMBL/GenBank accession no. AJ310551). The 3'-end
of the mouse SMC6 gene was found in the expressed sequence tag
(EST) clone accession no. W62755. We used a 446-bp fragment of
this clone to screen a mouse cochlear AZAP cDNA library (gift from
G. Richardson) and isolated a single clone that contained the com-
plete mSMC6 ORF (DDBJ/EMBL/GenBank accession no.
AJ310552). A partial hSMC5 cDNA was also identified in the EST
database (accession no. T10381), and a 380-bp fragment of this clone
was used to screen a human testis Agtll cDNA library (Clontech).
Several positive clones were identified, and a fragment from one of
the cDNA inserts was used to screen a human thymus 5'-STRETCH
PLUS Agtl11 cDNA library (Clontech). The 5’-end of the hSMC5 ORF
was PCR amplified from a positive clone and was used to assemble
the full-length hSMC5 cDNA. We subsequently noted a 45-bp de-
letion in the sequence derived from EST clone T10381, in compari-
son with more recently identified hSMC5 ESTs. Having verified the
existence of this 45-bp sequence in a fragment of hSMC5 PCR
amplified directly from human cDNA, we corrected the deletion in
our hSMC5 contig by PCR and subcloning (DDBJ/EMBL/GenBank
accession no. AJ310550).

Northern Blot Hybridization

Poly(A)" mRNA (3 ug) isolated from 1BR.3Neo cells with the
QuickPrep micro mRNA purification kit (Pharmacia, Piscataway,
NJ) was electrophoresed in formaldehyde-agarose gels, transferred
to nitrocellulose membranes, and immobilized by UV cross-linking.
Northern blots of poly(A)* RNA derived from different human
tissues (2 ug per lane) were obtained from Clontech. RNA blots
were hybridized with [a-*?P]dCTP-labeled cDNA probes, prepared
with the random primed DNA-labeling kit (Roche, Gipf-Oberfrick,
Switzerland).

Antibody Production and Affinity Purification

c¢DNA fragments corresponding to hSMC6 aa 103-636 and aa 949-
1021 and to hSMC5 aa 181-305 and aa 551-1101 were cloned into the
vector pQE-30 (Qiagen, Chatsworth, CA) and expressed in Esche-
richia coli as N-terminal hexahistidine-tagged fusion proteins. Each
protein was purified to near homogeneity under denaturing condi-
tions with the use of Ni?*-nitrilotriacetic acid affinity chromatogra-
phy. Antibodies against each of the recombinant proteins were
raised in rabbits. The a-hSMC5 and a-hSMC6 antibodies were af-
finity purified from crude serum by binding to their respective
antigen immobilized on nitrocellulose membrane. Nonspecifically
bound protein was removed by extensive washing with phosphate-
buffered saline (PBS) before elution of the antibodies with 200 mM
glycine, pH 2.5.

Preparation of Cell Extracts and Western Blot
Analysis

To prepare whole cell extracts for immunoblotting, cultured cells
were trypsinized, washed once with cold buffer A (50 mM Tris-HCl,
pH 7.5, 5 mM EDTA, 250 mM NaCl, 1 mM dithiothreitol, 50 mM
NaF, 15 mM p-nitrophenyl phosphate, 0.1 mM orthovanadate, 80
mM B-glycerophosphate, and a protease inhibitor cocktail consist-
ing of 10 pug/ml AEBSF, 1 ug/ml trypsin inhibitor, 0.5 ug/ml
leupeptin, and 0.5 ug/ml aprotinin), and then resuspended in buffer
A to which 1 quarter volume of SDS sample buffer was added. For
immunoprecipitations, cells were lysed in cold buffer A containing
0.5% Triton X-100. The lysis mixture was incubated on ice for 10 min
and then cleared by centrifugation at 16,000 X ¢ for 10 min. For
subcellular fractionation, fibroblasts (1-2 X 107 cells) were resus-
pended in cold buffer B (20 mM HEPES, pH 7.5, 5 mM potassium
acetate, 0.5 mM MgCl,, 0.5 mM dithiothreitol, 20% glycerol, and a
protease inhibitor cocktail, as described above, with or without
phosphatase inhibitors, 100 mM NaF, 15 mM p-nitrophenyl phos-
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phate, 0.2 mM orthovanadate, and 80 mM B-glycerophosphate) and
Triton X-100 was added to 0.02%. The permeabilized cells were
briefly homogenized in a Dounce homogenizer (five strokes) and
the nuclei were pelleted at 2000 X g for 5 min. The supernatant was
cleared by high-speed centrifugation (16,000 X g, 10 min) and
designated the cytoplasmic fraction. Nuclei were washed several
times in buffer B before being resuspended in extraction buffer. For
salt extractions buffer B contained 0.25, 1, or 2 M NaCl. Extractions
were performed on ice for 1 h. For DNase I extractions buffer B was
supplemented with 5 mM MgCl, and 150, 250, or 450 U/ml DNase
I. DNase I digestion was conducted at 25°C for 1 h. To confirm the
digestion, a sample was deproteinized by incubation in 10 mM
Tris-HCI, pH 8.0, 10 mM EDTA, 0.5% SDS, 10 pug/ml RNase A, and
100 pg/ml proteinase K for 1 h at 37°C, followed by phenol extrac-
tion and electrophoresis on a 0.8% agarose gel. After nuclear extrac-
tion the soluble nucleoplasm and insoluble nuclear material were
separated by centrifugation (16,000 X g, 5 min) and the nuclear
pellet was solubilized by the addition of 1% SDS. Western blot
analyses were carried out using standard procedures and immuno-
reactive bands were visualized by chemiluminescence. Horseradish
peroxidase-conjugated goat anti-rabbit antibody (Dako, Carpinteria,
CA), horseradish peroxidase-conjugated rabbit anti-mouse antibody
(Dako), anti-tubulin antibody (Sigma, St. Louis, MO), anti-prolifer-
ating cell nuclear antigen antibody (PC10, Santa Cruz, Santa Cruz,
CA), and anti-lamin B antibody (antibody-1, Oncogene Research
Products, Cambridge, MA) were used at concentrations recom-
mended by the manufacturers.

Immunoprecipitation

For immunoprecipitations, cell extracts were incubated overnight at
4°C with anti-hSMC5 antibody (5A1), anti-hSMC6 antibody (6A1),
or preimmune serum. Protein G-agarose beads were added for 4 h
to bind the immune complexes. The beads were washed several
times with buffer A and then boiled in SDS sample buffer before
SDS-PAGE and Western blot analysis. For in vitro translation of
hSMC6 and AN-hSMCS5, the entire coding sequence of hSMC6 and
810-3306 bp of h1SMC5, respectively, were subcloned into the pEPEX
vector, behind the T7 promoter. Proteins were synthesized with the
TNT Quick Coupled Transcription/Translation System (Promega,
Madison, WI). Immunoprecipitations were performed as described
above using a 1:1 mixture of in vitro translated proteins in PBS.

Mammalian Cell Culture

1BR.3 primary fibroblasts and 1BR.3Neo transformed cells were
grown in MEM supplemented with 15% fetal calf serum. HTC75
osteosarcoma cells (a gift from B. van Steensel) were cultured in
DMEM with 10% fetal calf serum. For irradiations, 1BR.3 cells were
exposed to 5 Gy y-radiation. Cells were harvested at 2, 4, 8, 16, and
24 h after irradiation. For cell cycle block and release experiments
1BR.3Neo cells were synchronized at G1/S by growing them for
16 h in the presence of 2.5 mM thymidine. The thymidine was then
removed for a period of 13 h before a second cell cycle block (200
1M mimosine) was imposed for 12 h. Human SMC6 was N-termi-
nally tagged with the FLAG epitope tag by subcloning the hSMCé-
coding sequence into a modified pCl-neo vector (Promega) harbor-
ing the FLAG epitope sequence. For expression in mammalian cells,
the construct was transfected into HTC75 cells with the use of
polybrene (Smith-Ravin and Jeggo, 1989) and a stable transfectant
was isolated.

Immunocytological Methods

Human cells, grown on glass coverslips, were routinely fixed for 30
min at 25°C in PBS containing 3.7% formaldehyde and then perme-
abilized with 0.5% Triton X-100 in PBS for 2 min. Where indicated,
cells were pre-extracted with 0.2% Triton X-100 in PBS for 1 min on
ice. For solvent fixation, cells were fixed with 30% methanol/70%
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acetone for 10 min at —20°C. After fixation the coverslips were
washed in PBS and then incubated with primary antibody in bovine
serum albumin (BSA) solution (3% BSA in PBS) for 1 h at 25°C.
Coverslips were washed in PBS, incubated with fluorescent dye-
conjugated secondary antibody in BSA solution (1 h, 25°C), and
washed again before being mounted with Glycergel (Dako). Anti-
FLAG M5 antibody (Sigma) was used at 20 ug/ml, anti-SC35 anti-
body (Sigma) was used at a 1:2000 dilution, tetramethylrhodamine
B isothiocyanate-conjugated anti-rabbit antibody was used at a
1:150 dilution, and fluorescein isothiocyanate (FITC)-conjugated
anti-mouse antibody was used at a 1:50 dilution. The protocol used
for detection of hSMC5 and hSMC6 in mouse spermatocyte nuclei
has been described (Moens ef al., 2000). Chromosome cores were
detected with anti-COR1 antibody and a rhodamine-conjugated
secondary antibody. The hSMC6 and hSMC5 staining was detected
with 6B1 and 5A1, respectively, and an FITC-conjugated secondary
antibody.

RESULTS

Isolation of Mammalian Orthologues of Rad18 and
Sprl8

Using a combination of degenerate PCR and ¢cDNA library
screening, we have isolated and assembled the complete
ORF (3276 bp) of the human orthologue of S. pombe Rad18.
We have designated this ORF h1SMC6. With the use of sim-
ilar procedures, we have also isolated a single clone contain-
ing the complete mouse orthologue, mSMC6 (3294 bp). Us-
ing fluorescent in situ hybridization with a cDNA clone as a
probe, we localized hSMC6 to the short arm of chromosome
2, at 2p23-24. Partial hSMC6 sequences identified in the
human EST database form part of the Unigene Hs 34497
cluster, which has been mapped to chromosome 2p22 (De-
loukas et al., 1998), confirming our chromosomal localiza-
tion. Using the mouse cDNA we have isolated several
genomic mSMC6 clones (data to be presented elsewhere),
one of which was used in fluorescent in situ hybridization
studies to localize mSMC6 to chromosome 12A3 (Figure 1B).
This chromosome domain is syntenic with human chromo-
some 2p23.

The hSMC6 and mSMC6 cDNAs encode proteins of 1091
and 1097 aa, respectively, that share the characteristic fea-
tures of the SMC family, i.e., the N-terminal Walker A and
C-terminal Walker B nucleotide-binding motifs, flanking
two large coiled-coil domains and a hinge region (Figure
1A). The hSMC6 and mSMC6 proteins are highly related to
each other (90% identity) and to the Rad18 orthologues from
a variety of species, e.g., S. pombe Radl8 (28% identity;
Lehmann et al., 1995), S. cerevisiae Rhcl8 (25% identity; Le-
hmann et al., 1995), Caenorhabditis elegans SMC6 (DDBJ/
EMBL/GenBank accession no. CAB01681; 26% identity),
Drosophila melanogaster SMC6 (DDBJ/EMBL/GenBank ac-
cession no. AAF56254; 26% identity), and A. thaliana Mim
(25% identity; Mengiste et al., 1999). The degree of sequence
conservation between Rad18 (SMC6) family members is rel-
atively low within the coiled-coil regions which, neverthe-
less, are predicted to form very similar secondary structures.
A much higher level of sequence identity (~50%) is evident
between the globular N- and C-terminal domains of hSMC6
and its orthologues (Figure 1, C and D).

We recently described another SMC protein from fission
yeast, Spr18 (Smcb), which is closely related to Rad18 and is
in fact its heterodimeric partner (Fousteri and Lehmann,

Molecular Biology of the Cell



2000). We were able to identify a human sequence (DDBJ/
EMBL/GenBank accession no. T10381) in the EST database
whose translation product has significant sequence similar-
ity to the C-terminal two-thirds of S. pombe Spr18. We used
this sequence to screen human ¢cDNA libraries and isolated
the full-length ORF (3306 bp) of the human orthologue,
hSMC5. Further database searching identified several
hSMC5 ESTs as part of the Unigene cluster Hs 103283, which
has been mapped to chromosome 9q12 (Deloukas et al.,
1998). The hSMCb5 gene encodes a 1101-residue protein that
has all the signature motifs of the SMC family (Figure 1A).
Human SMCS5 is highly related to the Sprl8 orthologues
from S. pombe (27% identity; Fousteri and Lehmann, 2000), S.
cerevisiae (27% identity; Fousteri and Lehmann, 2000), C.
elegans (DDBJ/EMBL/GenBank accession no. AAB00709;
26% identity), and D. melanogaster (DDBJ/EMBL/GenBank
accession no. AAF51749; 22% identity), as shown in Figure 1,
C and D, which also illustrates the sequence similarity be-
tween hSMC5 and hSMC6 (22% identity). Once again the
degree of sequence conservation is most pronounced within
the globular N- and C-terminal domains of this family of
proteins (Figure 1, C and D).

hSMC6 Is Phosphorylated in Vivo

To assist in the characterization of hSMC5 and hSMC6 we
raised polyclonal antibodies to each protein. Anti-hSMC6
antibodies were generated against either a C-terminal (aa
949-1021; antibody 6A1) or an N-terminal (aa 103-636; an-
tibodies 6B1 and 6B2) hSMC6 polypeptide (Figure 1A). Anti-
SMC5 antibodies were raised against two different frag-
ments of the hSMC5 protein (aa 551-1101 (antibody 5A1)
and aa 181-305 (antibody 5B1) (Figure 1A). Western blotting
revealed that the anti-hSMC6 antibodies, 6A1 and 6B1, both
recognize a band of ~130 kDa, the predicted molecular mass
of hSMC6, in human fibroblast cell extracts (Figure 2A, lanes
1 and 4) as well as full-length hSMC6 protein translated in
vitro (Figure 2A, lanes 3 and 6). The anti-hSMC5 antibodies,
5A1 and 5B1, also specifically recognize a 130-kDa protein in
human cell extracts (Figure 2B, lanes 1 and 4) and are able to
detect a truncated version of hSMC5 translated in vitro
(Figure 2B, lanes 2 and 5). Neither of the anti-hSMC6 anti-
bodies is able to recognize in vitro translated hSMC5, and
conversely, neither of the anti-hSMC5 antibodies is able to
detect in vitro translated hSMC6 (Figure 2, A, lanes 2, 5, and
8, and B, lanes 3 and 6). Together these data indicate that we
have generated antibodies with a high degree of specificity
for hSMC5 and hSMC6, with no cross-reactivity between the
two sets of antibodies despite the structural similarities be-
tween hSMC5 and hSMCé6.

A third antibody generated with the N-terminal (aa 103—
636) hSMC6 polypeptide (antibody 6B2) detects the 130-kDa
hSMC6 band but recognizes, in addition, a more slowly
migrating species in immunoblots of human cell extract
(Figure 2A, lane 7). This additional band has also occasion-
ally been detected with antibody 6B1, albeit at extremely low
levels (Taylor and Lehmann, unpublished results). To inves-
tigate whether this more slowly migrating band might rep-
resent a phosphorylated form of hSMC6, cell extracts were
prepared in the presence of a cocktail of phosphatase inhib-
itors, in the absence of inhibitors, or were treated with calf
intestinal alkaline phosphatase before immunoblotting with
antibody 6B2. The high molecular mass form is clearly vis-
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Figure 2. Anti-hSMC5 and anti-hSMC6 antibodies and their use in
expression studies. (A) Western blots with three different anti-hSMC6
antibodies on human 1BR.3Neo cell extract (lanes 1, 4, and 7), in vitro
translated AN-hSMCS5 (lanes 2, 5, and 8) and in vitro translated hSMC6
(lanes 3, 6, and 9). (B) Western blots with two different anti-hSMC5
antibodies on 1BR.3Neo cell extract (lanes 1 and 4), in vitro translated
AN-hSMCS5 (lanes 2 and 5), and in vitro translated hSMC6 (lanes 3 and 6).
(C) 1BR.3Neo cell extracts were prepared in the presence (lane 1) or
absence (lane 2) of phosphatase inhibitors or were treated with alkaline
phosphatase (lane 3) before immunoblotting with 6B2 anti-hSMC6 anti-
body. (D) Western blot of 1BR primary fibroblast cell extracts (50 ug per
lane) after y-irradiation (5 Gy). Blots were probed with anti-hSMC6 (6B2),
anti-tubulin, and anti-p53 antibodies. (E) Western blot of cell extracts
prepared after the release of 1BR.3Neo-transformed fibroblasts from a
thymidine-mimosine cell cycle block. Blots were probed with the 6B2
anti-hSMC6 antibody and ku80 antibody (as a loading control).
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ible as a discrete band when endogenous phosphatase ac-
tivity is inhibited (Figure 2C, lane 1) but is replaced by a
faster migrating species when cells are lysed in the absence
of phosphatase inhibitors (Figure 2C, lane 2). This rather
indistinct band is further collapsed to the single 130-kDa
hSMC6 band upon treatment with phosphatase (Figure 2C,
lane 3), indicating that the high molecular mass species
recognized by 6B2 is likely to be a phosphorylated form of
hSMC6. Because antibody 6B2 does not immunoprecipitate
the modified form of hSMC6, we were obliged to use crude
extracts for these phosphatase experiments. We are therefore
formally unable to exclude the possibility, which we con-
sider unlikely, that the observed shifts in mobility are the
result of some other posttranslational modification, which is
dependent on the phosphorylation of a different protein. We
did not find any evidence for a phosphorylated form of
hSMC5.

Because the fission yeast rad18 gene product is required
for a number of responses to DNA damage we anticipate
that hSMC6 will play a similar role in protecting human cells
from genetic damage. To investigate whether the human
SMC6 orthologue was regulated in response to genotoxic
stress, we performed an immunoblot with the 6B2 antibody
to detect hSMC6 after cells were exposed to ionizing radia-
tion (5 Gy). No significant variation in hSMC6 levels was
observed (Figure 2D). Moreover, the proportion of hyper-
and hypophosphorylated hSMC6 remained unchanged at all
time points after irradiation. Similar results were obtained
when UV-C (10 ] m~2) was used as a damaging agent
(Taylor and Lehmann, unpublished results). In contrast, in-
duction of the tumor suppressor p53 is clearly evident under
these conditions (Figure 2D). We have also analyzed hSMC6
expression through the mitotic cell cycle and found constant
levels of hSMC6 protein and hSMC6 phosphorylation (Fig-
ure 2E).

hSMC5 and hSMC6 Form a Complex

All the members of the SMC family studied thus far in
eukaryotes form heterodimeric complexes, and we identi-
fied Spr18 as the partner of Rad18 in fission yeast (Fousteri
and Lehmann, 2000). To examine whether the mammalian
orthologues of Rad18 and Spr18 also interact, we performed
immunoprecipitations on human cell extract. Immunopre-
cipitation with anti-hSMC6 antibody revealed that hSMC5
coimmunoprecipitated with hSMC6 (Figure 3A, top). Simi-
lar results were obtained in the reciprocal experiment in
which immunoprecipitation was performed with anti-
hSMC5 antibody (Figure 3A, bottom). These data demon-
strate that hSMC5 and hSMC6 do interact in human cells. To
eliminate the possibility that other proteins mediate this
interaction we also examined the interaction of hSMC5 and
hSMC6 in vitro. For this experiment we mixed in vitro
translated hSMC6 with AN-hSMC5, an N-terminally deleted
form of hSMC5 lacking the first 270 aa. Immunoprecipita-
tions on this mixture with either anti-hSMC6 antibody (Fig-
ure 3B, top) or anti-hSMC5 antibody (Figure 3B, bottom)
showed that the in vitro translated hSMC6 does indeed
coimunoprecipitate with the truncated hSMC5 protein.
These data clearly indicate that the interaction between
hSMC5 and hSMC6 does not require the presence of addi-
tional proteins, nor is it dependent on the extreme N-termi-
nal 270 aa of hSMC5.
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Figure 3. Interaction of hSMC5 and hSMC6. Human cell extracts
were immunoprecipitated with preimmune (PI), 6A1, or 5A1 anti-
sera as indicated and immunoblotted with 6B1 anti-hSMC6 (left) or
5A1 anti-hSMC5 (right) antibody. (B) As in A but with in vitro
translated hSMC6 or AN-hSMC5 in place of human cell extracts.

Intracellular Localization of hSMC5 and hSMC6

To determine the subcellular distribution of hSMC5 and
hSMC6 we examined the expression of both proteins in
cytoplasmic, nucleoplasmic, and insoluble nuclear matrix
fractions of human fibroblasts. When cytoplasmic and whole
nuclear preparations were subjected to Western blot analysis
we found that both the hyper- and hypophosphorylated
forms of hSMC6 were localized to the nucleus, along with
hSMC5 (Figure 4A). This result is in accordance with our
observation that both hSMC6 and hSMC5 contain a bipartite
nuclear localization sequence at their extreme N-termini
(hSMC6 aa 3-19, hSMC5 aa 17-33). Further fractionation of
the isolated nuclei, by salt extraction or DNase I digestion,
released a significant amount of hSMC6 into the soluble
nucleoplasm (Figure 4B), suggesting that this population of
hSMC6 is DNA associated. The remaining salt- and DNase-
resistant fraction of hSMC6 could be released by the addi-
tion of nonionic detergent (2.5% Triton X-100; Figure 4C),
implying a hydrophobic interaction between this population
of hSMC6 and a component of the nucleoskeleton. A similar
extraction profile was seen for hSMC5 (Figure 4C; Moghraby
and Lehmann, unpublished results). We next proceeded to
examine the distribution of the hyperphosphorylated form
of hSMC6 by performing the nuclear extraction procedure in
the presence of phosphatase inhibitors. Strikingly, the inclu-
sion of phosphatase inhibitors reduced the extraction of both
hSMC5 and hSMC6, even after treatment with Triton X-100
(compare Figure 4C, left and right), suggesting an inverse
correlation between phosphorylation status and the extract-
ability of the hSMC5/hSMC6 proteins.

To extend our analysis of the intracellular distribution of
hSMC6 we visualized the protein by indirect immunofluo-
rescence. Using affinity-purified 6B1 antibody to stain an
asynchronous population of 1BR.3Neo fibroblasts, we ob-
served intense nuclear staining of interphase cells (Figure
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Figure 4. Subcellular localization of hSMC5
and hSMCé. (A) Nuclear and cytoplasmic ex-  tubulin —| —_— — hSMC6 — e = pw v .
tracts of human 1BR.3Neo cells containing 50
ug of protein were electrophoresed and immu-
noblotted with the indicated antibodies. 6B2
was used for hSMC6 and 5B1 for hSMC5. (B) M 2 M+ TX100 am R TRI00
Nuclei were extracted for 1 h at 4°C with the c 0 + TX10 9 *TX10
indicated concentrations of NaCl or for 1 h at s s P S P s P S P ] P
25°C with DNAse I at the indicated units/mil- Kk ) _“
liliter. The nuclei were then centrifuged and the ~ hSMC6 — e et = c 4
amount of hSMC6 in supernatant (S) and pellet
(P) were determined by immunoblotting with hSMCE — S e S—— e — g
6B1 anti-hSMC6. (C) Nuclei were extracted for
1 h at 4°C in the presence or absence of phos- = P—— o o : 5 .-
phatase inhibitors, without treatment, with 2 M hNCE =1, e - e -
NaCl, or with 2 M NaCl and 2.5% Triton X-100.
After centrifugation, the amounts of the indi- PCNA—| ~&== TR e - —
cated proteins in the supernatant (S) and pellet
(P) fractions were determined by immunoblot- lamin =— — e  — - - —
ting. Antibodies used were 6B2 (top panel), 6B1

(second panel), 5B1 (third panel), anti-PCNA
(fourth panel), and anti-lamin B (fifth panel).

5A). The hSMC6 immunofluorescence signal is evenly dis-
tributed throughout the nucleus, with the exception of the
nucleoli from which it is excluded. Comparable staining has
also been obtained with a second anti-hSMC6 antibody, 6A1
(Taylor and Lehmann, unpublished results) and with a
monoclonal a-FLAG antibody to examine the localization of

Figure 5.

= phosphatase inhibitors

..
.

Immunofluorescence studies of hSMC6. (A) Human 1BR.3Neo fibroblasts were stained with 6B1 anti-hSMC6. (B) HTC75 cells

+ phosphatase inhibitors

FLAG epitope-tagged hSMC6 in a stably transfected cell line
(Figure 5B). During mitosis hSMC6 staining undergoes a
striking redistribution, because it is excluded from the con-
densed mitotic chromosomes and is dispersed instead
through the rest of the cell volume after nuclear envelope
breakdown (Figure 5, C and D).

were transfected with FLAG-tagged hSMC6 and then stained with anti-FLAG M5 antibody. (C and D) A mitotic cell stained with 6B1 (C) or
4’ 6-diamidino-2-phenylindole (D). (E-I) Cells fixed with 3.7% formaldehyde (E), 30% methanol/70% acetone (F), or pre-extracted with 0.5%
Triton X-100 before formaldehyde fixation (G) were stained with 6B2 anti-hSMCé. The cells shown in G were counterstained with anti-SC35
splicing factor antibody (H). The overlay image of the two antibodies is presented in I. Bar, 10 um.
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Next, we performed immunofluorescence staining of hu-
man cells with the 6B2 antibody, which is capable of recog-
nizing a phosphorylated form of hSMC6 in immunoblots.
Once again the staining that we observed was localized to
cell nuclei, but interestingly the signal was concentrated in
distinct foci or nuclear speckles (Figure 5E). This nuclear
speckle pattern was observed in a variety of human cell
lines, under different fixation conditions, and is highly re-
sistant to detergent extraction (Figure 5, E-G). We had pre-
viously noted that 6B2 antisera taken at early stages of the
immunization procedure recognized the phosphorylated
form of hSMC6 with much greater efficiency than antisera
obtained during the later stages of immunization. When we
compared the immunofluorescence staining of early and late
batches of antisera we found that the nuclear speckle pattern
largely correlated with the ability to recognize hyperphos-
phorylated hSMC6 in immunoblots, whereas the diffuse nu-
clear staining is more readily apparent with antisera, which
preferentially recognizes hypophosphorylated hSMCeé.
Taken together these data suggest that it is the phosphory-
lated form of hSMC6 that localizes to the nuclear speckles.
The speckled pattern that we observe with 6B2 is highly
reminiscent of the speckle domains that have previously
been described for pre-mRNA splicing factors (Spector,
1993). To test whether or not hSMC6 speckles correspond to
the splicing factor-enriched nuclear domains termed inter-
chromatin granule clusters (IGCs), we performed double
immunofluorescence staining with 6B2 and an anti-SC35
splicing factor antibody. Figure 5, G-I, shows that the two
sets of nuclear speckles colocalize, suggesting that the phos-
phorylated form of hSMC6 is indeed associated with IGCs.

Expression of hSMC5 and hSMC6 in Various Tissues

Northern blots on mRNA prepared from SV40-transformed
human fibroblasts (1BR.3Neo) revealed that h1SMC6 encodes
a major transcript of 4.2 kb, as well as a second, minor
transcript of 5.6 kb (Figure 6A). The hSMC5 gene encodes a
single mRNA species of ~6.5 kb in length (Figure 6A). We
examined the pattern of expression of both hSMC5 and
hSMC6 in various human tissues. Northern blotting re-
vealed that the 4.2- and 5.6-kb hSMC6 transcripts are both
present at very low levels in all the tissues examined, with
the exception of testis, where the 4.2-kb hSMC6 transcript is
greatly up-regulated (~30-fold) (Figure 6B). A similar de-
gree of transcriptional induction was also observed for the
mouse SMC6 gene in this tissue (Lees and Lehmann, unpub-
lished results). The 6.5-kb hSMC5 transcript is also expressed
ubiquitously and is somewhat elevated in testis (approxi-
mately threefold). A novel hSMC5 transcript of ~4 kb, evi-
dent only in testis, constitutes the major hSMC5 transcript in
this tissue (Figure 6B). The large increases in hSMC5/hSMC6
mRNA levels that we observe in testis may partly reflect the
proliferative nature of this tissue. In A. thaliana it has re-
cently been demonstrated that the MIM gene, which encodes
the plant SMC6 homologue, is transcriptionally up-regu-
lated in accordance with the degree of cell division activity
(Mengiste et al., 1999). Moreover, our own studies indicate
that h'SMC6 expression is slightly elevated (approximately
threefold) in rapidly proliferating transformed cells in com-
parison with quiescent primary fibroblasts (Taylor and Le-
hmann, unpublished results). We do not, however, detect
any significant increase in hSMC5 or hSMC6 expression in
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Figure 6. Tissue-specific expression of hSMC6 and hSMC5. (A)
Northern blots of 3 ug of mRNA prepared from proliferating
1BR.3Neo-transformed human fibroblasts hybridized with hSMC6
and hSMCS5 probes. (B) Human tissue-specific Northern blot (Clon-
tech) probed for the indicated mRNAs.

other rapidly proliferating tissues such as thymus, nor do
we see any evidence of the novel 4-kb hSMC5 transcript in a
rapidly dividing transformed cell line (Figure 6A). These
observations suggest that the elevated expression of h'SMC5
and hSMC6 most likely reflect a specific requirement for
these gene products in testis, perhaps in meiotic progres-
sion.

Association of hSMC5 and hSMC6 with Meiotic
Chromosomes

To investigate a possible meiotic role for the mammalian
SMC5/SMC6 proteins, we tested whether the mouse SMC5
and SMC6 homologues localize to chromosomes in meiotic
prophase. We performed immunofluorescence staining of
mouse spermatocytes with anti-hSMC6 together with an
antibody against chromosome cores (anti-Corl; Figure 7, A
and B). During early to midmeiotic prophase, as the chro-
mosomes become synapsed and recombination occurs be-
tween homologues, we were unable to detect any mSMC6
staining (Figure 7A). During late pachytene/diplotene, how-
ever, we observed intense staining of the X-Y chromosome
pair within the sex vesicle (Figure 7B). This staining is spe-
cific for mSMC6 because no staining of the X-Y bivalent was
seen with preimmune sera (Moens, unpublished results).
When the experiment was performed with anti-hSMC5 an-
tibody we observed a strikingly similar staining pattern
(Figure 7, C and D). The colocalization of mSMC5 and
mSMC6 on the X-Y chromosomes during diplotene suggests
that these proteins may act together at a late step in meiosis.
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Figure 7. Meiotic prophase localization of hSMC5 and hSMC6. (A)
A midpachytene mouse spermatocyte immunostained with anti-
bodies to chromosome cores and with 6B1 anti-hSMC6 antibody. (B)
An early diplotene spermatocyte stained with anti-core antibody
and 6B1. The sex vesicle and sex chromosome cores are recognized
by the anti-hSMC6 antibody. (C and D) Midpachytene (C) and early
diplotene (D) spermatocytes stained with anti-COR1 and 5A1 anti-
hSMC5 antibody. The X-chromosome (X), Y-chromosome (Y), sex
vesicle (SV), and synaptonemal complexes (SC) are indicated. Bar,
10 pum.

DISCUSSION

Heterodimeric Association of hSMC5 and hSMC6

Members of the SMC family of proteins are essential for a
variety of chromosomal activities, including chromosome
condensation, sister chromatid cohesion, and recombina-
tional repair (Hirano, 1998; Jessberger et al., 1998). In bud-
ding and fission yeast three SMC complexes have been
identified. SMC1 and SMC3 are components of the cohesin
complex, the SMC2/SMC4 heterodimer is part of the con-
densin complex, and the fission yeast DNA repair protein
Rad18 and its partner Sprl8 form the core of the third
complex (Guacci et al., 1997; Michaelis et al., 1997; Sutani et
al., 1999; Fousteri and Lehmann, 2000). Here we have shown
that, like the other SMC proteins, Rad18 and Sprl8 are
conserved throughout eukaryotes with orthologues in C.
elegans, D. melanogaster, A. thaliana (Mengiste et al., 1999),
mouse, and human. There is ~25% sequence identity overall
between the Rad18 (SMC6) and Spr18 (SMC5) orthologues
from different organisms, with much higher levels of con-
servation between the globular N- and C-terminal domains,
which harbor the ATP-binding/hydrolysis motifs. In con-
trast, the coiled-coil regions of the SMC5/SMC6 proteins are
poorly conserved, although each is predicted to form a
similar a-helical secondary structure. Interactions between
the hydrophobic surfaces of coiled-coil domains are impor-
tant for the dimerization of these proteins (Lupas, 1996). In
bacterial species that have only a single SMC family mem-
ber, SMC proteins form homodimers (Melby ef al., 1998). In
contrast, the multiple SMC proteins that have been identi-
fied in eukaryotes associate in a heterodimeric manner
(Hirano, 1998; Jessberger et al., 1998). Our previous data
suggest that Rad18 and Spr18 form a heterodimer in fission
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yeast (Fousteri and Lehmann, 2000). In this work we have
demonstrated a physical interaction between the hSMC5
and hSMC6 proteins, confirming that they are also het-
erodimeric partners. Preliminary results suggest that the
hSMC5/hSMC6 heterodimer, like its S. pombe counterpart, is
at the core of a high molecular mass functional complex, and
we are currently investigating this complex in more detail.
To date no high-resolution structural studies have been
performed on any of the eukaryotic SMC heterodimers.
However, an electron microscopy study of bacterial SMC
homodimers revealed that the long coiled-coil domains of
both the Bacillus subtilis SMC (BsSMC) protein and the E. coli
MukB SMC-like protein adopt an antiparallel conformation
(Melby et al., 1998). This is somewhat unusual because other
coiled-coil proteins are almost all parallel in orientation
(Lupas, 1996). As a result of this antiparallel association the
N- and C-terminal domains are paired at each end of the
dimeric SMC molecule, bringing the Walker A and Walker B
motifs into close proximity. The functional association of
these ATP-binding motifs has yet to be demonstrated for an
SMC dimer, although a recent x-ray crystallographic study
has revealed that this is the case for a structurally related
ATPase, the DNA double-strand break repair enzyme Rad50
(Hopfner et al., 2000). Although Rad50 is not classified as an
SMC protein, it has a very similar structure but lacks a
“hinge” domain. Hopfner et al. (2000) cocrystallized the N-
and C-terminal globular domains of Rad50 and showed that
they formed a tight dimeric complex. In the presence of
ATP, two of these N/C dimers associated to form a tetramer
with two ATP molecules located in the interface between the
two dimers. It is likely that SMC proteins will adopt similar
configurations, and this raises several interesting questions.
1) Each heterodimer (e.g., hSMC5/hSMC6) has two dimeric
globular domains, one at each end. Is the ATP-binding
pocket formed by folding a single heterodimer back on itself
at the hinge or by two heterodimers associating with each
other? 2) Does the postulated tetramerization on binding
ATP affect the association of the SMC protein cores with
other proteins in the complex? 3) Can SMC homodimers as
well as heterodimers form these structures? We note that,
although hSMC5 and hSMC6 show many similar character-
istics and clearly form heterodimers, the tissue-specific ex-
pression levels of the two mRNAs show some differences
(Figure 6B), raising the possibility that they might have
individual roles in addition to their joint functions.

Expression of hSMC5 and hSMC6 in Somatic Cells

We have shown that hSMC5 and hSMC6 are nuclear pro-
teins that are, at least in part, associated with the DNA. This
observation is consistent with a postulated role for this SMC
heterodimer in the recombinational repair of DNA strand
breaks. We have, in addition, demonstrated a cell cycle-
dependent redistribution of hSMC6, which becomes ex-
cluded from the condensed chromosomes during mitosis.
This localization pattern, which is remarkably similar to that
of the human and mouse SMC cohesin subunits (Schmiesing
et al., 1998; Darwiche et al., 1999), is the inverse of the
staining that has been described for the condensin SMCs
(Hirano and Mitchison, 1994; Schmiesing et al., 1998;
Shimizu et al., 1998). This result suggests that hSMC5/
hSMC6 function, like that of the cohesins, occurs predomi-
nantly during interphase rather than in mitosis.
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We anticipate that hSMC6 will, like its orthologues in
yeast and A. thaliana, function in response to DNA damage.
We did not, however, detect any significant alteration in
hSMC6 expression, at either the RNA (Taylor and Lehmann,
unpublished results) or protein level, after DNA damage,
nor did we find any evidence of posttranslational modifica-
tion of hSMC6 in response to irradiation. These observations
differ from recent data regarding MIM, the A. thaliana ortho-
logue of hSMC6, which is significantly up-regulated after
treatment with the DNA-damaging agent methyl methane-
sulfonate (Mengiste ef al., 1999). The A. thaliana MIM protein
is the first eukaryotic SMC protein thus far tested that is not
essential for viability but seems to be solely required for the
response to genotoxic stress. It will be interesting to see
whether hSMC6 is also nonessential or if, like its S. pombe
counterpart, hNSMC6 is absolutely required for cell viability.

In the course of this study we have identified a phosphor-
ylated form of hSMC6 that can be detected with the use of
the 6B2 antibody. This phosphorylated form appears to be
constitutive, because its level remained unchanged through-
out the cell cycle and after DNA damage. Under certain
conditions we find that the hyperphosphorylated form of
hSMC6 is more refractory to extraction than hypophosphor-
ylated hSMC6, suggesting an inverse correlation between
phosphorylation status and the extractability of hSMC6. Our
observation that the addition of excess phosphatase inhibi-
tors significantly reduces the extraction of both hSMC6 and
hSMCS5 reinforces this correlation. Our immunofluorescence
data suggest that the phosphorylated form of hSMC6 local-
izes to detergent-resistant nuclear speckle domains. Colocal-
ization of this staining with the pre-mRNA splicing factor
SC35 identified these nuclear speckles as IGCs, dynamic
nuclear organelles that have been shown to serve as pools of
pre-mRNA splicing factors (Misteli et al., 1997). It is inter-
esting to note that phosphorylation events seem to play an
important role in regulating IGC speckle morphology and in
determining the localization of several IGC-associated pro-
teins (Gui et al., 1994; Misteli and Spector, 1996; Mortillaro et
al., 1996). The functional significance of hSMC6 localization
at IGCs is not immediately apparent. Perhaps IGCs serve as
reservoirs for a greater variety of proteins than hitherto
suspected. The recently reported biochemical purification of
IGCs is likely to prove informative in this regard (Mintz et
al., 1999).

hSMC5 and hSMC6 May Have a Role in Meiosis

Both hSMC5 and hSMC6 show extraordinarily high levels of
expression in the testis and, in the case of hSMC5, a novel
transcript. Although part of this increased transcription is
undoubtedly due to an increased proliferation rate, similar
increases are not seen in other tissues such as the thymus,
which has a comparable proliferation rate to the testis. It is
therefore most likely that the increased levels of expression
in testis reflect a role for hSMC5/hSMC6 in meiosis. This is
supported by our finding of an association of mSMC5 and
mSMC6 with the X-Y chromosome pair of meiotic cells. A
number of proteins that function in recombination (Rad51,
Dmcl, Rad50, Mrell) and DNA damage-induced check-
point responses (Radl, ATR) are highly up-regulated in
testis (Dolganov et al., 1996; Habu et al., 1996; Keegan et al.,
1996; Carney et al., 1998) and have been shown to associate
with meiotic chromosomes (Barlow et al., 1997; Moens et al.,
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1997, 1999, 2000; Freire et al., 1998; Eijpe et al., 2000; Lombard
and Guarente, 2000). Rad51/Dmcl foci formation occurs
early in meiotic prophase and is believed to mark the re-
gions of DNA where recombination events occur (Barlow et
al., 1997; Moens et al., 1997). The checkpoint proteins Rad1l
and ATR stain chromosome cores slightly later in meiotic
prophase and, in contrast to Rad51/Dmcl, Rad1l, and ATR
antigens are abundant on the X-Y chromosome pair in the
late stages of meiotic prophase (Freire et al., 1998; Moens et
al., 1999). Rad50/Mrell staining also persists on the X-Y
bivalent during late pachytene/diplotene when recombina-
tion between homologous chromosomes is complete (Eijpe
et al., 2000). This sex vesicle staining is strikingly similar to
the localization we have observed for hSMC5 and hSMCé6.
Eijpe et al. (2000) suggested a possible explanation for the
association of Rad50/Mrell with the X-Y chromosome pair.
That is, Rad50/Mrel1 could have a role in the processing of
DNA double-strand breaks that form in the nonautosomal,
asynapsed parts of the X and Y chromosomes. Any such
DNA breaks could not be repaired with the use of the
homologous chromosome but would persist until the sister
chromatids became available for repair. Clearly, the pro-
posed function of the hSMC5/hSMC6 heterodimer, in hold-
ing broken DNA molecules together to facilitate strand
break repair, could be of importance in this context. It re-
mains to be seen whether this is indeed the case. The precise
role of hSMC5/hSMC6 in meiosis and significance of the
X-Y association will be explored in future work.
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