
SclI: An Abundant Chromosome Scaffold Protein 
Is a Member of a Family of Putative ATPases 
with an Unusual Predicted Tertiary Structure 
Noriko Saitoh, I lya G. Goldberg,  Edgar  R. Wood, and  Wil l iam C. Earnshaw 

Department of Cell Biology and Anatomy, Johns Hopkins School of Medicine, Baltimore, Maryland 21205 

Abstract. Here, we describe the cloning and charac- 
terization of ScII, the second most abundant protein 
after topoisomerase II, of the chromosome scaffold 
fraction to be identified. ScII is structurally related to 
a protein, Smclp, previously found to be required for 
accurate chromosome segregation in Saccharomyces 
cerevisiae. SclI and the other members of the emerg- 
ing family of SMCl-like proteins are likely to be novel 
ATPases, with NTP-binding A and B sites separated 
by two lengthy regions predicted to form an a-helical 

coiled-coil. Analysis of the SclI B site predicted that 
SclI might use ATP by a mechanism similar to the 
bacterial recN DNA repair and recombination enzyme. 
SclI is a mitosis-specific scaffold protein that colocal- 
izes with topoisomerase II in mitotic chromosomes. 
However, SclI appears not to be associated with the 
interphase nuclear matrix. ScII might thus play a role 
in mitotic processes such as chromosome condensation 
or sister chromatid disjunction, both of which have 
been previously shown to involve topoisomerase II. 

I 
N interphase human cells, chromosomal DNA molecules 
totaling `o2 m long are packaged into nuclei that are 
only ̀ ol0 #m in diameter. At mitosis, the chromosomes 

become further condensed by about fourfold. This overall 
10,000-fold compaction of the DNA is accomplished by a hi- 
erarchy of DNA and chromatin packaging (Earnshaw, 1991). 
At the lowest level, the DNA fiber is compacted six- to 
sevenfold by winding around the histone core of the nucleo- 
some, generating fibers of `ol0 nm diameter (Kornberg, 
1974). At the second level, association of histone H1 with 
the 10-nm fiber causes the fiber to shorten and thicken to 
`o30 nm in diameter, bringing the overall compaction of the 
DNA to `o40-fold (Finch and Klug, 1976; Thoma et al., 
1979; Horowitz et al., 1994). How the remaining 250-fold 
compaction of the 30-rim fiber is accomplished remains a 
matter of active investigation and considerable controversy 
(Earnshaw, 1991). 

At present, the most widely accepted model for higher or- 
der chromosome structure proposes that the 30-nm fiber is 
gathered into loops, each containing ,o50-100 kb of DNA, 
and tethered to nonhistone proteins of the nuclear scaffold 
or matrix (Laemmli et al., 1978). This model proposes that 
at the onset of mitosis, the scaffold proteins at the base of 
the loops associate with one another, thus pulling the chro- 
mosomal loop domains closer together. The aggregates of 
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chromosomal scaffolding with their associated loops are 
thought to form either rosettes that coil along a helical path 
(Comings and Okada, 1971; Rattner and Lin, 1985; Boy de 
la Tour and Laemmli, 1988) or stack above one another to 
form minibands (Pienta and Coffey, 1984). Recent micros- 
copy analysis using DNA fluorochromes under conditions 
where they bind preferentially to AT-rich or GC-rich DNA 
has suggested that mitotic chromosome arms consist of a 
more or less tightly coiled axial region of AT-rich DNA with 
loops of GC-rich DNA protruding from it (Saitoh and 
Laemmli, 1994). 

The loop models of chromosome organization all suggest, 
however, that the chromatin fiber is packed into the final 
chromosome structure, and special molecules must exist that 
bind to the chromatin and define the base of each loop do- 
main. At present, both the DNA sequences and polypeptide 
components that comprise this putative loop-fastener com- 
plex are unknown, although candidates for both have been 
suggested. The polypeptide components have been suggested 
to be components of the mitotic chromosome scaffold (or nu- 
clear matrix) Adolph et al., 1977a, 1977b; Izaurralde et al., 
1989; Zhao et al., 1993). The DNA sequences are known 
variously as MARs or SARs ~atr ix  or scaffold attachment 
_regions) (Mirkovitch et al., 1984; Gasser et al., 1989). 

Chromosome scaffold proteins comprise the 5-10% of 
nonhistone chromosomal proteins that remain insoluble af- 
ter treatment of isolated metaphase chromosomes with 
nucleases and subsequent extraction under a variety of con- 
ditions, including high salt (2 M NaC1), low ionic strength 
(dextran sulfate/heparin), or chaotropes (lithium diiodosali- 
cylate) (Lewis and Laemmli, 1982). Although the chromo- 
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some scaffold is in reality a biochemical fraction, the term 
has been widely interpreted as describing a structural net- 
work within mitotic chromosomes. This, in part, results 
from the observation that isolated chromosome scaffolds re- 
tain the overall chromosomal morphology, with paired sister 
chromatids and condensed centromeres (Adolph et al., 
1977b; Earnshaw and Laemmli, 1983). However, the role, 
if any, played by chromosome scaffold proteins in chromo- 
some structure and function remains an important unsolved 
question. 

The first chromosome scaffold protein to be conclusively 
identified was DNA topoisomerase II (Earnshaw et al., 
1985; Berrios et al., 1985; Gasser et al., 1986) (initially 
termed ScI [Lewis and Laemmli, 1982]). This protein turns 
out to be the major component of the chromosome scaffold 
fraction (Gasser et al., 1986; Heck and Earnshaw, 1986). 
Several independent mapping techniques revealed that topo- 
isomerase II is concentrated in the axial region of expanded 
mitotic chromosomes, and that it is largely absent from the 
expanded chromosomal loop domains (Earnshaw and Heck, 
1985; Gasser et al., 1986). 

Functional studies support the notion that topoisomerase 
1I plays an essential role in mitotic chromosome structure 
and function both early and late in mitosis. The protein is 
required for normal chromosome condensation in fission 
yeast (Uemura et al., 1987), and also for chromosome con- 
densation in vitro when interphase nuclei or naked DNA are 
added to mitotic extracts prepared from Xenopus eggs 
(Adachi et al., 1991; Hirano and Mitchison, 1993). The role 
of topoisomerase II during chromosome condensation is not 
known. On the one hand, it is possible that the enzyme is 
simply required to sort out DNA entanglements that impede 
orderly chromosome condensation. For example, the mitotic 
condensation process may serve as a rectification mecha- 
nism, whereby neighboring chromosomes are untangled 
from one another so that they can assort independently dur- 
ing mitosis (Holm, 1994). On the other hand, topoisomerase 
II may actually make a structural contribution to the con- 
densed chromosome (Earnshaw et al., 1985; Gasser et al., 
1986; Adachi et al., 1991). This could occur through interac- 
tions of the protein with the SAR/MAR sequences that have 
been proposed to form the base of chromosomal loop do- 
mains (Adachi et ai., 1989). The notion that topoisomerase 
II plays a structural role in chromosomes is controversial, 
even when results obtained with the same experimental sys- 
tem are compared (Adachi et al., 1989; Hirano and Mitchi- 
son, 1993). 

Genetic analysis in the yeasts has revealed that topoisom- 
erase II is required for disjunction of sister chromatids at 
anaphase (DiNardo et al., 1984; Holm et al., 1985; Uemura 
and Yanagida, 1986). This function is also conserved in ver- 
tebrates, as shown both by drug treatments of cultured cells 
(Downes et al., 1991; Clarke et al., 1993) and by analysis 
of sister chromatid disjunction in Xenopus cell cycle extracts 
(Shamu and Murray, 1992). It has been speculated that as- 
sembly of topoisomerase II into the chromosomal structure 
might be important for regulation of its action during dis- 
junction of sister chromatids (Earnshaw et al., 1985). 

These studies of topoisomerase II provided the first con- 
crete evidence that members of the chromosome scaffold 
fraction actually do play an important role in mitotic chro- 
mosome structure and function. However, with the exception 

of CENP-B (Eamshaw et al., 1984; Earnshaw and Rothfield, 
1985), CENP-C (Earnshaw et ai., 1984; Earnshaw and 
Rothfield, 1985), CENP-E (Yen et al., 1991), and the IN- 
CENPs (Cooke et al., 1987), all of which are concentrated 
in and around the centromere, topoisomerase 1I has re- 
mained the only member of this fraction to be characterized. 
Other abundant members of the fraction, including ScII (135 
kD) (Lewis and Laemmli, 1982) and SclII (140 kD), have 
remained unstudied. 

In this paper, we provide the first characterization of ScII. 
We prepared antibodies to chicken ScII and used them to ob- 
tain eDNA clones encoding the chicken polypeptide. Like 
topoisomerase II, ScII is concentrated in the axial region of 
swollen chromosomes throughout the entire length of the 
chromosome arms. Biochemical fractionation confirms that 
ScII is a prominent component of the mitotic chromosome 
scaffold fraction. However, the protein associates only very 
loosely with interphase nuclei, with t>95 % leaking out into 
the cytoplasm during Dounce homogenization. Thus, ScII is 
not a component of the nuclear matrix. DNA sequence anal- 
ysis reveals that SclI is a member of an emerging family of 
proteins with two internal regions of coiled-coil and highly 
conserved NTP-binding motifs at the amino and carboxy ter- 
mini. The best characterized member of this family, Smclp, 
is required for accurate chromosome segregation in the bud- 
ding yeast Saccharomyces cerevisiae (Strunnikov et al., 
1993). Analysis of the deduced polypeptide sequence, to- 
gether with previous results, suggests that SclI may be a 
chromosomal enzyme that may function in a complex with 
topoisomerase II. 

Materials and Methods 

Isolation of Chicken Chromosome Scaffold Proteins 
and Production of Guinea Pig Antibody 
Mitotic chromosomes were isolated from chicken lymphohlastoid cell line 
MSB-1 as previously described (Earnshaw et al., 1985). Scaffolds were pre- 
pared by subjecting chromosomes to nuclease digestion and 2 M NaCI ex- 
traction (Adolph et al., 1977b). The pelleted scaffold fraction was applied 
onto preparative SDS-PAGE, the gels were stained with Coomassie blue, 
and a 135-kD hand was excised and used to immunize a guinea pig to pro- 
duce antiserum 5132 (Earnshaw et al., 1985). 

cDNA cloning 
Library Screening. Antiserum 5B2 was used to screen an oligo-dT-primed 
kgtl 1 library prepared from chick embryo fibroblast mRNA (gift of B. 
Vennstrom, Karolinska Institute, Stockholm, Sweden). Expression screen- 
ing (Ausubel et al., 1991) yielded three positive clones. These clones were 
used to screen a XZAP library made from MSB-1 mRNA (Mackay et al., 
1993). The eight clones recovered by high stringency nucleic acid hybrid- 
ization screening were characterized by restriction enzyme mapping and by 
partial sequencing. The largest clone, pBSc20 (insert size = 3.8 kb), was 
used in further experiments. 

Rapid Araplifu:ation of cDNA Ends (RACE). To recover cDNA se- 
quences 5' to the beginning of the clone pBSc20, RACE-PCR (Frohman et 
al., 1988) was used. First, ScII-specific antisense primers (5'CCAAAG- 
A G A T C C T G T A C A C G G T I ~ G C A T T C T A 3 '  [nt 545-507 in Fig. 2 
A] or 5"VICK2TTAG~TGATGGTGTAT3'  [nt 1889-1866 in Fig. 2 A]) 
were annealed to 1 t~g of poly (A) + RNA isolated from logarithmically 
growing MSB-1 cells with the Fast Track mRNA Isolation Kit (Invitrogen, 
San Diego, CA). Next, the first strand of cDNA was synthesized with 10 U 
of AMV reverse transcriptase (Life Technologies, Inc., Bethesda, MD). A 
poly(A) + tail was attached to the 3' end of the first strand with 25 U of ter- 
minal deoxynucleotidyl transferase (Boehringer-Mannheim Biochemicals 
Corp., Indianapolis, IN). The second strand was synthesized with 2.5 U of 
Amplitaq enzyme(Perkin-Elmer Corp., Norwalk, CT) and RACE-1 primer 
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(5'GATGGATCCTGCAGAAGCTTTI33'), and both strands were subse- 
quently amplified with the ScII specific primer (5'-CCAAAGAGATCCTGT- 
A C A C G G T T G ~ G C A T T C T A - 3 '  [545-507 nt in Fig. 2 A]) and 
RACE-2 primer (5'GATGGATCCTGCAGAAGC3'). Other PCR reaction 
conditions were as previously described (Frohman et al., 1988). The PCR 
products were treated with T4 DNA polymerase (Life Technologies) to 
generate blunt ends, and were ligated into the EcoRV site of the Blnescript 
II KS- vector (Stratagene, La Jolla, CA). 

Sequencing. Phage inserts were transferred to Bluescript plasmids by 
recloning after EcoRI digestion (kgtl 1) or through in vivo excision (XZAP). 
Nested deletions were generated with the Erase-A-Base kit (Promega 
Biotech, Inc., Madison, WI) (Henikoff, 1984), and the resulting double- 
stranded templates were sequenced with Sequenase 2.0 according to the 
manufacturer's instructions (U.S. Biochemical Corp., Cleveland, OH). 

Sequence information was entered into a Macintosh computer with Mac- 
Vector 3.5 (IBI, New Haven, CT) hardware and software. A contig 
representing the ScII eDNA and including a single long open reading frame 
(ORF) l was assembled. MacVector 3.5 provided preliminary sequence in- 
formation on the ORF, while an estimate of the probability of coiled-coil 
formation was generated by the COILCOIL program (Lupas et al., 1991). 
The ORF was compared to the set of nonredundant databases resident on 
the National Center for Biotechnology Information Internet server on June 
15, 1994, by the TFASTA (Pearson, 1990) and BLASTP (Altschul et al., 
1990) search network service. 

Fluorescence Microscopy 

Paraformaidehyde Fixat/on. MSB-I cells were centrifuged at 1,200 g and 
resuspended in l x  RSB buffer (10 mM Tris/HC1, pH 7.4, 10 mM NaCI, 
5 mM MgCI2) for 5 min. Cells were placed onto glow-discharged cover- 
slips (Earnshaw and Heck, 1985), and were centrifuged in a centrifuge 
(TJ6-R; Beckman) for 2.5 min at 2,800 rpm. The coverslips were immersed 
in D-PBS (8.06 mM Na2HPO4, 1.47 mM KH2PO4, 137 mM NaCI, 2.7 
mM KCI, 0.68 mM CaC12, and 0.492 mM MgC12) for 5 min, and were 
then fixed for 5 min in 3 % paraformaldehyde in o-PBS at room temperature. 
Then, coverslips were washed with KB + (10 mM Tris/HCl, pH 7.7, 150 
mM NaCI, 0.1% BSA, and 0.1% Triton X-100) three times, and were in- 
cubated with anti-SclI antibodies (1:200 dilution) in KB- (10 mM Tris/ 
HC1, pH 7.7, 150 mM NaCI, and 0.1% BSA) at 37* for 1 h. After washing 
with KB-, cells were incubated with biotinylated goat anti-rabbit IgG 
(1:500 dilution; Vector Laboratories, Burlingame, CA) at 37 ° for 30 min, 
followed by washing with KB-. To visualize the secondary antibody, cells 
were incubated with streptavidin-Texas red (1:800 dilution; GIBCO-BRL, 
Gaithersburg, MD) at 37 ° for 30 rain, followed by a wash with KB-. To 
stain DNA, 4',6' diamino phenylindole (DAPI) (Calbiocbem, San Diego, 
CA) was added to 1 #g/ml to the final wash (Williamson and Fennell, 1975). 

Methanol-Acetic Acid Fixation. Cells were grown on coverslips, then 
swollen in 0.8% sodium citrate for 10 rain before fixation with 50% metha- 
nol-acetic acid (3:1 vol/vol) for 2 min. This was followed by immersion of 
coverslips in 100% methanol-acetic acid (3:1 vol/vol) for 5 min at room 
temperature. Chromosomes were spread and dried using an aquarium air 
pump (Earnshaw et al., 1989) (Hagen 800), and swollen by immersion in 
three changes (2 min each) of TEEN (1 mM triethanolamine/HCl, pH 8.5, 
0.2 mM NaEDTA, and 25 mM NaCI), to which 0.1% BSA and 0.5% Triton 
X-100 had been added (Earnshaw et al., 1989). Next, cells were incubated 
with primary antibody at 1:200 dilution in the same buffer for 1 h at 370. 
Incubations with secondary and tertiary detection reagents were performed 
in KB + buffer as described above. For topoisomerase II staining, human 
autoimmune serum to topo H (Hoffmann et al., 1989) was added to fixed 
cells at 1:100 dilution, and followed by incubation with fluorescein- 
conjugated goat anti-human IgG at 1:100 dilution (Cappel Laboratories, 
Durham, NC). 

Bacterial Expression and Antibody Production 

DNA fragments corresponding to peptides A (aa 120-970), N (aa 120-567), 
M (aa 569-970), and C (aa 969-1189) were ligated in-frame into the pT7-7 
vector (Tabor and Richardson, 1985), and transformed into Escherichia 
coli strain BL21(DE3) (Novagen Inc., Madison, WI). Transformants were 
cultured in L broth containing 50 t~g/ml ampicillin at 37 °. Expression was 
induced by making cultures 0.1 mM in IPTG, and allowing them 3-4 h of 
continued growth. To check protein expression, 1 ml of culture was cen- 

1. Abbreviations used in this paper: DAPI, 4',6' diamino phenylindole; ORF, 
open reading frame; RACE, rapid amplification of cDNA ends. 

trifuged (1 min at 12,000 g), and the cell pellet was dissolved in 100 ~1 of 
SDS-PAGE sample buffer, briefly sonicated, and loaded onto an SDS- 
polyacrylamide gel. For large-scale preparation of antigens, partial purifi- 
cations were performed as follows. Cells from 300 mi of induced culture 
were collected by centrifugation (5 min at 3,000 g), resuspended in 10-mi 
of solution A (10 mM TrisdHC1, pH 7.5, 25 % sucrose, and 1 mM EDTA), 
then incubated on ice for 1 h in the presence of 1 mg/ml lysozyme (Sigma 
Immunochemicals, St. Louis, MO). Bacterial DNA was sheared by sonica- 
tion on ice, then Nonidet NP-40 and NaC1 were added to final concentra- 
tions of 2 % and 0.1 M, respectively. Each of the expressed polypeptides (A, 
N, M, and C) was found to be concentrated in the pellet fraction after cen- 
trifugation for 10 rain at 10,000 g. After two washes with solution B (50 
mM TrisdHCl, pH 7.5, 0.1 M NaC1, 1 mM EDTA, and 0.1% NP-40), the 
pellet was dissolved in 1 ml sample buffer and subjected to SDS-PAGE. 
Each major Coomassie blue-stained band of the appropriate size was ex- 
cised from the gel, ground to a fine powder in liquid nitrogen, resuspended 
in PBS, and injected into rabbits (Hazleton Research Products Inc., Den- 
ver, PA). 

DNA and RNA Blots 

For each lane of genomic Southern blots, 10/~g of MSB-1 chromosomal 
DNA was digested with a restriction enzyme. DNA was separated on a 0.8 % 
agarose gel and transferred to BA83 nitrocellulose (Scldeicber & Schuefl, 
Inc., Keene, NH) according to the manufacturer's instructions. For each 
Northern blot lane, 1 ~g of poly(A) + RNA was run on a formaldehyde-l% 
agarose gel, then transferred to nitrocellulose (Ausubel et al., 1991). 

Probe sequences were isolated from agarose gels and labeled with 
[32p]dCTP (Amersham Corp., Arlington Heights, IL) by random priming 
(Feinberg and Vogelstein, 1983, 1984). Probes were hybridized to filters in 
5x  SSC, 0.5% SDS, and 100 ~g/ml salmon sperm DNA at 65 ° overnight. 
The filters were then washed twice for 10 rain with 2x  SSC and 0.1% SDS, 
followed by a 1-h wash with 0.3x SSC and 0.1% SDS at 65 ° (Ausubel et 
al., 1991). 

SubceUular Fractionation 

Dounce Homogenization. Exponentially growing cells ("interphase cells") 
or cells grown in the presence of 0.1 ~g/ml coicemid ("mitotic cells") were 
collected by centrifugation at room temperature. Cells were resuspended 
and swollen in 1 x RSB (Lewis and Laemmli, 1982) at room temperature 
for 5 min, and centrifuged for 3 min at 800 g. Subsequent steps were per- 
formed on ice. The pellet was vigorously resuspended in l x  buffer A (15 
mM Tris/HC1, pH 7.4, 80 mM KC1, 2 mM KEDTA, pH 7.4, 0.75 mM sper- 
midine, 0.3 mM spermine, and 0.1% digitonin [Sigma Immunochemicals] 
[Lewis and Laemmli, 1982]), and cells were lysed with 10 strokes of a 
Dounce homogenizer. The lysate was centrifuged at 3,200 g for 20 min to 
separate the supernatant ("cytoplasm") from the pellet ("nuclei" or "chromo- 
somes"). To reduce cross-contamination, the supernatant was centrifuged 
again at 3,200 g for 20 rain, and the pellet was discarded. A small portion 
of the supernatant was observed under the microscope to confirm that nuclei 
and chromosomes were absent. The pellet was washed with solution 3 (5 
mM Tris:HCl, pH 7.4, 2 mM KC1, 2 mM KEDTA, pH 7.4, 0.375 mM sper- 
midine). Further fractionation of chromosomes to scaffold and nonscaffold 
fractions was performed as described previously (Cooke et al., 1987; Earn- 
shaw et al., 1985). Total (lysate without centrifugation), cytoplasm, and 
nuclei or chromosome fractions were then mixed with SDS-PAGE sample 
buffer, boiled, sonicated, and applied to SDS-PAGE. Electrophoresis and 
immunobiotting were performed as described previously (Earnshaw et al., 
1984). 

Mass Enueleation. Preparation of cytoplasts and karyoplasts was per- 
formed as described in (Prescott and Kirkpatrick, 1973) with slight modifica- 
tions. Briefly, cells were grown on round plastic coverslips (PGC Scientific, 
Galthersburg, MD), and were pre-centrifuged in warm RPMI 1640 (Gibco 
Laboratories, Grand Island, NY) cell side down at 37 ° for 10 min at 5,000 g 
to remove dead cells. The coverslips were then transferred to centrifuged tubes 
containing warm RPMI plus 10 t~g/ml cytochalasin B (Sigma Immunochemi- 
cals), and centrifuged for 10 min at 17,000 g at 37 ° Karyoplasts in the pellet 
and cytoplasts still attached to the coverslip were dissolved in SDS-PAGE 
sample buffer and used for gel analysis. The cytoplasts were also observed in 
the microscope after fixation with 3 % paraformaldehyde and staining with 
DAPI. More than 95% oftbe cells remaining attached to the coverslips had 
been enucleated. 

Phylogenetic Analysis 

Assembling the WalkerB Profile. The region at the COOH terminus of ScII 
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that is most conserved between SelI, Smc2, Smcl, and Pl15 was used to 
construct a position-specific scoring table (profile) using the PILEUP pro- 
gram from the GCG package of sequence alignment programs (Devemux 
et al., 1984). This profile was used to search the entire coding region of 
representatives from the ABC transporter family and from the RNA heli- 
case family using PROFILEGAP. In addition, using PROFILESEARCH, 
we searched the entire SwissProt data base to find B motifs more elosety 
related to the SclI group. The highest scoring match for a known ATPase 
was for UvrA, with the recombination gene ReeN being the most closely 
related protein overall. In each case, the best match to the profile was a con- 
served region homologous to the Walker B motif, which is well character- 
ized for AB¢ transporters (Higgins et al., 1986) and for RNA helicases 
(Linder et al., 1989). Representative sequences from each group were 
added to the SelI profile using PILEUP to generate a profile with more 
divergent B motifs, the Walker B profile. To gain some understanding of the 
possible role of the Walker B motif in ATP binding or hydrolysis, the Walker 
B profile was aligned to the sequence for rabbit muscle adenylate kinase, 
an ATPase for which detailed structural information is available. The best 
match to the Walker B profile contained the entire so-called segment 3 (Fry 
et al., 1986), which is conserved in other ATPases and contains what has 
been implicated as the catalytic residue, Asp-ll9 (Asp-ll20 in Sell). 

Constructing the Phylogenetic Tree. Distances between sequences in 
the Walker B profile were computed using the DISTANCES program from 
the GCG package. The resultant matrix of distances was used to construct 
a phylogenetic tree using the Fitch-Margoliash algorithm as implemented 
in the program FITCH from the PHYLIP phylogeny inference package (ver- 
sion 3.52c) (Felsenstein, 1989). The order in which sequences were added 
to the tree was randomized five times, and the best tree of 7,028 examined 
is reported. The tree as presented was rooted at its centroid. The sequences 
of the Walker B sites used in the phylogenetic tree are given in Table I, to- 
gether with the appropriate references. 

Resu l t s  

Generation of  Antibody Probes for SclI 

ScII was first descr ibed  by Lewis  and Laemml i  as a 135-kD 
polypept ide  componen t  o f  mi to t ic  c h r o m o s o m e  scaffolds 
f rom H e L a  cells  (Lewis  and Laemml i ,  1982). This  polypep-  
tide was not  character ized further. In a subsequent  study of  
chicken mitot ic  c h r o m o s o m e  scaffold proteins  (Earnshaw et 
al . ,  1985), we  isolated a p rominen t  135-kD band by prepara-  
tive SDS-PAGE and injected it into a guinea  pig. The  resul- 
tant polyclonal  s e rum (5B2) specifically reacted with a 135- 
kD  polypept ide  in immunoblo ts  of  isolated chicken and 
human mitot ic  ch romosomes  (not shown).  Thus,  adopting 
the nomencla ture  establ ished for  H e L a  scaffold proteins,  we 
designated this antigen chicken ScII.  We note, however,  that 
in the absence o f  specific probes  for the H e L a  protein seen 
or iginal ly  by Lewis  and Laemml i ,  we cannot  be  cer ta in  that 
the polypept ide  we now designate  ScII  exactly corresponds  
to the or iginal  ScII  scaffold protein.  To begin  the functional  
analysis of  ScII,  we have c loned a c D N A  encoding the poly-  
peptide,  and we have de te rmined  the distr ibut ion o f  the pro-  
tein in cells  and mitot ic  ch romosomes .  

cDNA Cloning of  Chicken SclI  

The  process  o f  obtaining c D N A  clones  encoding the entire 

Table L Sequences Examined as NTP-binding B Sites and Used to Establish Phylogenetic Tree in Fig. 13 

Protein Amino acid sequences including B site Notes Reference 

SclI LSGGQRSLAA LSL I LA I LLF KPAP I Y I LDE VDAALD Members of This study 
Smc2p LSGGQRSL I A LSL I MALLQF RPAPMY I LDE VDAALD SMC1 family Strunnikov (unpublished) 
Smclp LSGGEKTVAA LALLFAI  NSY QPSPFFVLDE VDAALD Strunnikov et al. (1993) 
P115 FSGGEKA I I A I SLLFA I LKA RP I PLC I LDE VEAALD Notarnicola et al. (1991) 

Bs-RecN ASGGELSRVM LA I KS I FSSQ QDVTS I I FDE VDTGVS DNA repair- Van Hoy and Hoch (1990) 
Ec-RecN ASGGELSR I A LA I QV I TARK METPAL I FDE VDVG I S recombination Rostas et al. (1987) 
UvrA B2 LSGGEAQRIR LASQIGA-GL VGV-MYVLDE PSIGLH proteins Husain et al. (1986) 
UvrA B3 LSGGEAQRVK LARELSKRGT GQT- LY I LDE PTTGLH Husain et al. (1986) 

NodI LSGGMKRRLT LAGAL I ND- - - PQ- LL I LDE PTTGLD ABC transporters Evans and Downie (1986) 
OppD FSGGMRQRVM I AMALLCR- - - PK- LL I ADE PTTALD Higgins et al. (1985) 
HIyB LSGGQRQR I A I ARALVNN= - - PK- I L I FDE ATSALD Felmlee et al. (1985) 
OppF FSGGQCQR I G I ARAL I LE-  - - PK- L I I CDD AVSALD Hiles et al. (1987) 
HisP LSGGQQQRVS I A R A L A M E - -  -PD-VLLFDE PTSALD Higgins et ai. (1982) 
PstB LSGGQQQRLC I ARGIA I  R - -  - P E - V L L L D E  PCSALD Surin et al. (1985) 
FtsE LSGGEQORVG I A R A V V N K - -  - P A - V L L A D E  PTGNLD Gil l  et al. (1986) 
RbsA LSIGDQQMVE I AKVLSF . . . .  ESKVI I MDE PTDALT Bell et al. (1986) 
MalK LSGGQRQRVA I GRTLVAE- -  - P S - V F L L D E  PLSNLD Gilson et al. (1982) 

eIF-4AI I VGTPGRVFD MLNR-RYLSP KY I KMFVLDE ADEMLS RNA helicases Nielsen et ai. (1985) 
elF-4AII VVGTPGRVFD MLNR-RYLSP KWlKMFVLDE ADEMLS Nielsen and Trachsel (1988) 
Ti f f  VVGTPGRVFD N I QR-RRFRT DK I KMF I LDE ADEMLS Linder and Slonimski (1989) 
I)68 C I ATPGRL I D FLEC-GKTNL RRTTYLVLDE ADRMLD Ford et al. (1988) 
PLIO LVATPGRLVD MMER-GKIGL DFCKYLVLDE ADRMLD Leroy et ai. (1989) 
vasa V I ATPGRLLD FVDR-TF I TF EDTRFVVLDE ADRMLD Lasko and Ashburner (1988) 
MSSl l6  V I ATPGRL I D VLEKYSNKFF RFVDYKVLDE ADRLLE Seraphin et al. (1989) 
SrmB VVATTGRLLQ Y IKE-ENFDC RAVETLILDE ADRMLD Nishi et al. (1988) 

Adn kin Sg3 L I DGYPRQVQ QGEEFERR I A QPTLLLYVDA GPETMQ Kinase Kuby et al. (1984) 

The Journal of Cell Biology, Volume 127, 1994 306 



open reading frame of ScII was carried out in three stages. 
First, a chicken eDNA kgtl 1 expression library (Young and 
Davis, 1983) was screened with guinea pig anti-SclI. Several 
positive clones were characterized, and were found to cover 
a portion of the SclI eDNA. In the second round of screen- 
ing, the inserts from the these phage were used for further 
DNA screening of a chicken MSB-1 )~ZAP library (Mackay 
et al., 1993) by plaque hybridization. Eight positive clones 
were obtained, the longest of which was designated pBSc20 
(insert size = 3.8 kb) (Fig. 1 A). Primer extension analysis 
(data not shown) indicated that pBSc20 was lacking ~400 
bp from its 5' end relative to the 5' end of the SclI mRNA. 
Therefore, in a third round of cloning, these missing se- 
quences were recovered by the RACE-PCR method (Froh- 
man et al., 1988). Four clones from two independent RACE 
reactions with SclI mRNA were sequenced and turned out 
to be identical to each other and contiguous with the 5' end 
of pBSc20. These were used to complete the molecular char- 
acterization of the 5' end of the SclI eDNA. pBSc20 was fully 
sequenced on both strands, subeloned for bacterial expres- 
sion, and used for a probe in Southern (DNA) and Northern 
(RNA) hybridization analysis. 

The 4,134-bp SclI eDNA encodes a single undisrupted 
ORF encoding a predicted polypeptide of 1,189 amino acids, 
with a calculated molecular mass of 134,900 D (Fig. 2 A). 
This corresponds to the apparent molecular mass of SclI pre- 
viously determined from SDS-PAGE (135 kD) (Lewis and 
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Figure 1. eDNA cloning and bacterial expression of SclI. The up- 
permost line shows the structure of the ScII eDNA with several re- 
striction enzyme sites. The thick line indicates a continuous ORE 
(A) Clones that were fully sequenced and used for further experi- 
ments, pBSc20 is the longest clone of eight final positive clones that 
were obtained by immuno and DNA screening of chicken eDNA 
libraries. RACE-PCR indicates four clones derived from two inde- 
pendent RACE-PCR reactions. (B) Probes used for a genomic 
Southern blot and RNA blots. HPs (HincII-PstI DNA fragment) 
was used for the genomic Southern blot in Fig. 4,4. EC (EcoRI-CIaI 
DNA fragment) and PvX (PvuII-XhoI DNA fragment), respec- 
tively, were used as 5' or 3' probes for the RNA blots in Fig 4 B. 
The EcoRI and XhoI sites of EC and PvX, respectively, are derived 
from linker sequences of pBsc20. (C) Subregions that were ex- 
pressed in E. coli. The peptides A (aa 120-970), N (aa 120-567), 
M (aa 568-969), and C (aa 968-1,189) were expressed as fusion pro- 
teins to pT7-7 vector-derived sequences. 

Laemmli, 1982). The SclI polypeptide is predicted to be 
slightly basic (calculated pI = 8.6) and highly hydrophilic 
(Fig. 2 B). At the 3' end of the eDNA, a polyadenylation sig- 
nal (AATAAA) was found 18 bp upstream from the poly A 
sequence. 

Validation of  the Clones 

We obtained evidence that pBSc20 encodes bona fide SclI 
by demonstrating that the cloned and chromosomal polypep- 
tides share at least three independent epitopes. Several sub- 
cloned regions of pBSc20 (shown in Fig. 1 C) were ex- 
pressed in E. coli using a T7 RNA polymerase-based 
expression system (Tabor and Richardson, 1985). Peptides 
N, M, and C were designed to cover the NH2-terminal, 
middle and COOH-terminal regions, respectively. These 
polypeptides do not overlap one another. Between them, 
these molecules cover the entire SclI molecule, except for 
120 amino acids at the NH~ terminus. One further peptide, 
A, covers a region equivalent to the sum of N and M. 

Bacterially expressed peptides N, M, and C produced 
prominent bands in SDS-PAGE of induced bacterial extracts, 
all of which migrated with approximately the expected mo- 
lecular weights. Peptide A was somewhat degraded in vivo. 
Peptides A, N, and M reacted with the original guinea pig 
anti-SclI antibody in immunoblots; however, peptide C did 
not (data not shown). All four expressed proteins were iso- 
lated by SDS-PAGE and injected into rabbits for production 
of polyclonal antisera. 

Despite the fact that antibodies N, M, and C are directed 
against epitopes on nonoverlapping peptides, all of them rec- 
ognized a 135-kD band in the chromosome protein fraction 
by immunoblot. This immunoreactive polypeptide comi- 
grated with SclI as detected with the original guinea pig anti- 
body, 5B2 (Fig. 3). Thus, our cDNA clones encode multi- 
ple independent epitopes present on SclI, suggesting that 
pBSc20 is a bona fide cDNA clone for SclI. 

ScH is Encoded by a Single Gene and Transcribed into 
a 4.2 kb mRNA 

When chicken genomic DNA was digested with restriction 
endonucleases, electrophoresed and transferred to nitrocel- 
lulose, and hybridized with various subclones derived from 
pBSc20, only single or double bands were observed. This 
suggests that SclI is encoded by a single gene (Fig. 4 A). 

Northern (RNA) blots of poly(A) ÷ mRNA revealed a sin- 
gle 4.2-kb transcript with probes derived from either the 5' 
or 3' portion of pBSc20 (Fig. 4 B). This mRNA appears to 
be reasonably abundant, at least in the chicken MSB-1 lym- 
phoblastoid cell line. Interestingly, lower levels of transcript 
were detected in a parallel analysis of mRNA from chick em- 
bryo fibroblasts (Fig. 4 C). 

SclI is a Member of  an Emerging Family of  
Putative Nucleotide-binding Proteins Defined by Yeast 
Protein Smclp 

A computer database search with the ScII cDNA sequence 
revealed limited sequence similarities to several other pro- 
teins, including Smclp. This yeast protein (gability of mini- 
chromosomes) was recently shown to be required for proper 
chromosomal segregation in budding yeast. The SMC1 gene 
product is the founder member of a group of proteins that 
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Figure 3. cDNA clones encode multiple independent epitopes pres- 
ent on ScIl. Chromosomal proteins from MSB-1 cells were sub- 
jetted to SDS-PAGE, blotted to nitrocellulose, cut into strips, and 
probed with antisera. P, preimmune serum;/, immune serum. 5B2, 
Guinea pig antisera raised against the 135-kD band of the chicken 
chromosomal scaffold fraction. A, N, M, and C, Rabbit antisera 
raised against bacterially expressed peptides described in Fig. 1 C. 

share common amino acid sequence motifs at their amino 
and carboxy termini. ScU most closely resembles one of 
these family members,  Smc2p (required for chromosome 
condensation, Strunnikov, A. V., and D. Koshland, personal 
communication), with which it shares 36% overall amino 
acid sequence identity. 

As shown in Fig. 5 A, ScU and Smc2p share 65 % identity 
over a 210-amino acid stretch near the NH2 terminus, and 
66% identity over a 136-amino acid stretch near the COOH 
terminus. As shown in Fig. 6, the amino-terminal sequence 
of all SMC1 family members  contains a consensus NTP- 
binding motif  (GXXXXGKS, the so-called Walker A site 
[Walker et al., 1982]). The carboxy-terminal sequence of 
SMC1 was suggested to be a novel motif, and was termed the 
DA box (Strunnikov et al., 1993). As described below, our 
analysis suggests that this is one version of the NTP-binding 
B site (the so-called Walker B site [Walker et al., 1982]). The 
B site is implicated in ATP hydrolysis, where structural evi- 
dence is available (Serpersu et al., 1986), or thought to be 
required in the coupling of ATP hydrolysis to ATPase func- 
tion (Pause and Sonenberg, 1992). A third characteristic 
motif  found in GTP-binding proteins is not present in SclI. 

All SMC1 family members  have two internal regions that 

Figure 4. Chicken SclI is encoded by single gene and transcribed 
into a 4.2-kb mRNA. (A) Genomic southern blot. Total DNA from 
MSB-1 cells was digested with EcoRI (E), BamI-II (B), and PstI 
(P), separated on an agarose gel, transferred to nitrocellulose, and 
probed with 32P-labeled HPs fragment as described in Fig. 1 B. 
(B) RNA blot. 1 /~g of poly(A) + RNA form MSB-1 cells was 
loaded in each lane. The blot was probed with either the 5' (EC) 
or 3' probe (PvX) as described in Fig. 1 B. (C) 1/~g of poly(A) + 
RNA from MSB-1 cells (MSB-1) or chicken embryo fibroblasts 
(CF) was separated on a denaturing agarose gel and stained with 
ethidium bromide (left panel), or blotted and probed with the 3' 
probe (right panel). 

are predicted to form a-helical coiled coil. These regions (of 
256 and 352 amino acids, respectively, in SclI) show no se- 
quence similarity between SclI and Smc2, but the region be- 
tween coils is 47% identical over 122 amino acids (Fig. 5, 
B and C). 

SclI Localizes Predominantly in Interphase 
Cell Nuclei, but Leaks Out Readily during 
SubceUular Fractionation 

To determine the intracellular localization of SclI in inter- 
phase cells, we subjected cultured cells to a standard proce- 
dure used for cell fractionation. This method uses Dounce 
homogenization of hypotonically swollen cells (Materials 
and Methods), followed by centrifugation to separate the 
nuclei from the cytoplasm. 

When chicken or human cells were fractionated according 
to this method, SclI appeared nearly quantitatively in the cy- 
toplasmic fraction (Fig. 7 A, left panel, data for DU249 and 
HeLa  cells not shown). This was a surprise, since we would 
have expected a chromosome scaffold protein to be located 

Figure 2. (A) Nucleotide sequence of the ScII cDNA reveals a deduced ORF of 1,189 amino acids. The probable NTP-binding A and 
B sites as discussed in the text are underlined with thick lines. Two putative coiled-coil regions are underlined with dotted lines. The putative 
polyadenylation signal at 3,962-3,967 nt is underlined with a thin line. These sequence data are available from EMBL/GenBank/DDBJ 
under accession number X80792. (B) The chicken SclI protein is predicted to be hydrophilic along its entire length. This Kyte-Doolittle 
hydrophilicity plot (window = 7) was generated by MacVector software (IBI). 
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Figure 5. The SMC1 family members share a com- 
mon tertiary structure despite their differences in 
primary structure. (A) Dot matrix analysis reveals 
that SclI has limited homology to Smc2p of yeast. 
The regions that do not show similarity correspond 
to the regions predicted to form coiled-coils. (B) 
Plots of probability to form coiled-coils are shown 
for SclI (chicken SclI, this study), Smc2p (yeast 
uncharacterized protein required for chromosome 
condensation [Strunnikov, A. V., and D. Koshland, 
unpublished observation]), Smclp (protein required 
for chromosome stability in yeast [Strunnikov et 
al., 1993]), and Pl15 (mycoplasma ll5-kD protein 
[Notarnicola et al., 1991]). The amino acid se- 
quences of Smc2p, Smclp, PlI5 were obtained 
through BLASTP, and the probability of coiled- 
coil formation was calculated using the program 
COILCOIL (Lupas et al., 1991). (C) Predicted 
structure of Scll and relatives. Circled A and B in- 
dicate NTP-binding A and B sites, the thick bar in- 
dicates the regions predicted to form coiled-coils, 
and the thin lines represent regions whose primary 
sequence is relatively conserved. 

in the nuclei, possibly as a component of the insoluble nu- 
clear matrix. The result could not be explained by disruption 
of the nuclei during fractionation, since when the same 
preparations were probed with a control antibody recogniz- 
ing topoisomerase II, this molecule was detected solely in 
nuclei (Fig. 7 A, right panel). A similar analysis of mitotic 
cells revealed that ",,50% of the ScII is associated with the 
chromosomes (Fig. 8 A). Of this, ,,070% remains as a com- 
ponent of th chromosome scaffolds after nuclease digestion 
and extraction of the chromosomes with 2 M NaCl (Fig. 8 B). 

We considered two possible explanations for this result. 
(a) ScII might be a cytoplasmic protein in interphase cells 
that associates with chromosomes after nuclear envelope 
breakdown in mitosis. In this case, the different localizations 
of ScII during interphase and mitosis might reflect different 
molecular associations and possibly different functional 
roles. At one extreme, ScII could be a cytoplasmic protein 

that sticks to chromosomes at mitosis as a result of 
nonspecific interactions. (b) A second possibility was that 
ScII is actually a nuclear protein, but readily leaks out from 
the nuclei during Dounce homogenization. A number of 
well-characterized nuclear proteins such as DNA polymer- 
ase o~ and RNA polymerase I have been found to leak out 
from nuclei during mechanical cell lysis (Herrick et al., 
1976). 

To decide between these possiblities, we used another 
method of cell fractionation that eliminates leakage of pro- 
teins from the nucleus (Krek et al., 1992). This involves 
mass enucleation of adherent cells after exposure to 
cytochalasin B. In this method, coverslips with adherent cell 
monolayers were centrifuged cell side down at 37°C in 
medium containing cytochalasin B. Under these conditions, 
the cell cortex becomes much less robust, so that karyoplasts 
(nuclei surrounded by plasma membrane containing a thin 
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Figure 6. Probable NTP binding A and B sites 
were found in conserved regions of ScII near the 
NH2 and COOH termini, respectively. Amino 
acid sequence alignments are shown for SMC1 
family members SclI, Smc2p, Smclp, and Pl15. 
(Upper part) Sequence alignment for the NH2 ter- 
minus, including the NTP binding A site. (Lower 
part) Sequence alignment for the COOH terminus, 
including the putative NTP-binding B site. Num- 
bers above the sequence correspond to amino acid 
numbering of SclI (Fig. 2 A). Identical amino 
acids are boxed. The consensus sequence derived 
from the SMC1 family ("consensus") is shown to- 
gether with consensus sequence for NTP-binding 
A and B sites of the ABC transporter family (NTP- 
A and NTP-B) (Fath and Kolter, 1993). 

layer of cytoplasm) sediment through it to the bottom of the 
tube. Cytoplasts (cell bodies lacking nuclei, but retaining all 
other cellular organelles) remain adherent to the coverslips 
(Prescott and Kirkpatrick, 1973). Since this process does not 
involve the generalized disruption of cellular membranes, 
leakage of nuclear components into the cytoplasts is mini- 
mized. 

In contrast to the results obtained with Dounce homogeni- 
zation, immunoblot analysis revealed that most of the ScII 
cosediments with karyoplasts. A similar result was obtained 
with topoisomerase II. In contrast, tubulin, used as a marker 
for cytoplasm, was enriched in the cytoplast fraction. These 
results imply that SclI is a nuclear protein that is not re- 
tained in nuclei during mechanical lysis and centrifugation 
(Fig. 7 B). 

Although topoisomerase II and ScII were initially found 
to be in the chromosome scaffold fraction, these two proteins 
apparently associate with nuclear components in a different 
manner. This is surprising, since nuclear matrix and chro- 
mosome scaffold proteins are isolated by similar protocols, 
except for the starting material (i.e., the former use isolated 
nuclei, and the latter use isolated mitotic chromosomes). As 
a result, nuclear matrix and chromosomal scaffold proteins 
have traditionally been assumed to be equivalent. This gen- 
eralization was supported by the fact that molecules such as 
topoisomerase II are found in both chromosome scaffolds 
and nuclear matrix (Berrios et al., 1985; Earnshaw et al., 

Figure 7. Determination of subcellular localization of SclI in inter- 
phase cells. (A) The majority of SclI is found in the cytoplasmic 
fraction when cells are fractionated by Dounce homogenization fol- 
lowed by centrifugation. Total (T), nuclear (N), and cytoplasmic 
(C) proteins of chicken cells were separated by SDS-PAGE, trans- 

ferred to nitrocellulose, and probed with anti-SclI or anti-topo- 
isomerase II antibodies. The amount of protein in each lane was 
normalized for the number of starting cells (",,104). Anti-topo- 
isomerase 1I was used as a nuclear protein marker. (B) The 
majority of SclI is found in nuclei (karyoplasts) when cells are frac- 
tionated by mass enucleation. Total (T), karyoplast (K), and 
cytoplast (Cy) proteins of chicken cells were prepared as described 
in Materials and Methods. They were separated on SDS-PAGE, 
stained with Coomassie blue (lefipanel) or transferred to nitrocel- 
lulose, and probed with anti-SclI, anti-topoisomerase II, or anti- 
tubulin antibodies (a cytoplasmic protein marker). 
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1985; Gasser et al., 1986). However, this notion seems not 
to apply to SclI, which is clearly not a component of the nu- 
clear matrix, since it is not even a component of nuclei iso- 
lated by Dounce homogenization. 

SclI Is Distributed along the Arms of  
Mitotic Chromosomes 

SclI was localized in mitotic chromosomes using two differ- 
ent fixation and spreading protocols. 

In the first, ceils were hypotonically swollen, placed on 
coverslips whose surface had been rendered hydrophilic by 
glow discharging (Earnshaw and Migeon, 1985), and cen- 
trifuged briefly to burst them open. The coverslips were then 
transferred immediately to a buffer at physiological ionic 
strength, and were fixed with 3 % paraformaldehyde. Chro- 
mosomes prepared in this way are frequently expanded, pre- 
sumably as a result of shear forces during lysis of the cells. 
However, it is important to note that they have not been sub- 
jected to any chemical extraction. It is also important to note 
that these preparations were made with cells that had not 
been previously blocked with colcemid, thus minimizing the 
possibility of artifactual redistribution of the antigens in vivo 
(Compton et al., 1991). 

Under these conditions, SclI was found to be distributed 
along the axis of the chromosome arms over their entire 
length, including the centromere (Fig. 9). The DNA was of- 
ten considerably more diffuse in aspect, suggesting that 
chromatin loops were extended outward from the axial re- 
gion containing SclI. These images look virtually identical 
to earlier images obtained using this technique in conjunc- 
tion with antibodies to topoisomerase II (Earnshaw and 
Heck, 1985). 

Condensed staining of centromere regions by anti-SclI 
was reproducibly observed by this technique. This may 
reflect a concentration of SclI in the heterochromatin of the 
centromere in vivo. Alternatively, it could simply reflect a 
differential tendency of the centromeric heterochromatin and 
chromosome arms to expand during centrifugation. 

These images should not be interpreted as showing that 
SclI forms an axial core up the center of the chromosome 
arms, as in some versions of the chromosome scaffold model 
(Earnshaw, 1991). Instead, we suggest that SclI is associated 
with an insoluble network that is distributed throughout the 
chromatid arms. When the chromatin loops splay outwards 
during cell lysis, this network more or less retains its original 
shape. Thus it is unlikely that SclI is tightly associated with 
the bulk chromatin of the radial loops. Instead, is it appar- 
ently associated either with the bases of these loops, or with 
some other nonchromatin component of the chromosomes. 

Our second procedure for visualizing SclI in mitotic chro- 
mosomes involves hypotonic swelling of cells, followed by 
fixation with methanol-acetic acid and spreading induced by 
blowing with a stream of air from an aquarium pump. This 
is a standard procedure for obtaining cytological spreads of 
chromosomes, which we have previously modified to pre- 
serve the reactivity of antigens with anticentromere antibod- 
ies (Earnshaw et al., 1989). 

This method again reveals the presence of ScII along the 
entire length of the chromosome arms (Fig. 10). As in the 
formaldehyde-fixed cells, ScII appears to occupy a somewhat 
more restricted domain than the bulk chromatin, even 

Figure 8. Determination of the sub-cellular localization of SclI in 
mitotic cells. (A) 50% of the total SclI is found in the chromosome 
fraction. Total (T), chromosomal (X), and cytoplasmic (C) pro- 
teins prepared from cells arrested at mitosis with colcemid were 
separated on SDS-PAGE, stained with Coomassie blue (leflpanel), 
or probed with anti-SclI or anti-topoisomerase II antibodies. (B) 
70% of the chromosomal Sell is found in the chromosome scaffold 
fraction. Chromosomal proteins (X) were extracted with 2 M NaCI 
and fractionated to yield insoluble proteins (Sc, the chromosome 
scaffold) and soluble proteins (nSc, nonscaffold proteins). The pro- 
teins were separated on SDS-PAGE, stained with Coornassie blue, 
or blotted and probed with anti-SclI or anti-INCENP (a scaffold 
protein marker) antibodies. 

though the latter is less swollen than in the case of spreading 
by centrifugation. Interestingly, HeLa chromosomes, which 
are larger than their chicken counterparts, often show a lo- 
cally coiled morphology of Sell staining (Fig. 10 D) similar 
to that observed for topoisomerase II by Laemmli and co- 
workers (Boy de la Tour and Laemmli, 1988; Saitoh and 
Laemmli, 1994). Similar staining patterns were obtained 
using antibodies against antigens N, M, and C, or aflinity- 
purified antibody against antigen A, suggesting strongly that 
the staining results from specific recognition of SclI. Thus, 
two independent methods of fixation and spreading confirm 
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Figure 9. Chicken ScII localizes throughout the axial region of mitotic chromosome arms. Chicken MSB-1 cells were fixed with parafor- 
maldehyde and stained with DAPI (A and C) or anti-ScII antibodies (B and D). Anti-SclI antibodies stained the interior of each chromatid 
arm. Coiled staining patterns are seen locally. Selective staining of centromere regions is often seen with this specimen preparation tech- 
nique. 

that SclI can be visualized along the entire length of the chro- 
mosome arms, with a distribution reminiscent of that seen 
previously with antibodies to topoisomerase II. To confirm 
colocalization of ScII and topoII, we tried double staining 
of chicken cells and indeed, we obtained an indistinguish- 
able staining pattern of ScII and topolI on the mitotic chro- 
mosome (Fig. 11). 

The localization of SclI to mitotic chromosomes was 
confirmed by immunofluorescence of ceils processed in situ 
without hypotonic swelling or spreading. Unfortunately, 
with our present antibody reagents, we have been unable to 
demonstrate a convincing cellular localization of SclI during 
interphase under a variety of fixation conditions. 

Discussion 

Scll, the Second Most Abundant Component of  the 
Mitotic Chromosome Scaffold, Is Not a Component of  
the Interphase Nuclear Matrix 

ScII was originally identified as a component of the mitotic 

chromosome scaffold fraction (Lewis and Laemmli, 1982). 
[35S]methionine autoradiography of HeLa cells suggests 
that ScII is second in abundance in this fraction only to 
topoisomerase 11 (Lewis and Laemmli, 1982). ScII is thus 
an excellent candidate for a protein that plays a major role 
in mitotic chromosome structure or function. As we will dis- 
cuss below, Scn exists in at least one characterized complex 
with topoisomerase II, and it is therefore tempting to specu- 
late that the protein might function in either chromosome 
condensation or disjunction, since both of these processes 
require topoisomerase II. 

Unlike topoisomerase 11, SclI is not a component of the 
interphase nuclear matrix fraction. Rather, the protein ap- 
pears to leak out of nuclei during subcellular fractionation. 
We were only able to convincingly demonstrate the pres- 
ence of SclI in nuclei when cells were fractionated into 
karyoplasts and cytoplasts by centrifugation in the presence 
of cytochalasin B. 

A different situation is observed during mitosis, when 
standard fractionation procedures reveal that '~50% of the 
SclI is associated with isolated chromosomes. When these 
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Figure 10. Localization of SclI in cytological spreads of chicken (MSB-1, A and B) and human (HeLa, C and D) cells. Cells were fixed 
with methanol-acetic acid, and cytological spreads were prepared by gentle blowing with an aquarium pump. Cells were stained with 
DAPI (A and C) or anti-SclI antibodies (B and D). 

Figure 11. Colocalization of SclI and topoisomerase II throughout the axial region of mitotic chromosome arms. MSB-1 cells were fixed 
with methanol-acetic acid, the chromosomes were spread with an aquarium air pump, and stained with anti-ScII antisera (A), anti- 
topoisomerase II (B), or DAPI (C). We note that SclI appears to occupy a slightly more condensed distribution along the chromatid arms 
than does topoisomerase II. 
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chromosomes are subjected to DNase digestion and extrac- 
tion to reveal the insoluble chromosome scaffold, ,070 % of 
the chromosomal SelI remains in this fraction. In similar ex- 
periments, we previously observed that 72% of chro- 
mosomal topoisomerase II is retained in the chromosome 
scaffold fraction (Earnshaw et al., 1985). 

Thus, SclI interacts very differently with chromosomes 
during interphase and in mitosis. The basis for this change 
is not understood. It is possible that phosphorylation of the 
SclI polypeptide during mitosis alters its interactions with 
one or more chromosomal components. 

ScH Belongs to an Emerging Family of  Polypeptides 
that have Two Internal Coiled-Coil Domains Flanked 
by NTP-binding A and B Sites at Either End 

Our analysis of the SclI eDNA clones predicts a polypeptide 
with a molecular weight of 134,900 and a pI of 8.6. The 
deduced amino acid sequence shows limited similarity to a 
protein, Smclp, which is involved in chromosome segrega- 
tion in the budding yeast. The Smcl mutation was first 
identified in a screen for mutations that resulted in increased 
frequencies of selective loss of a plasmid minichromosome 
(Strunnikov et al., 1993). Subsequent disruption of the gene 
resulted in a perturbation of the segregation of bona fide 
yeast chromosomes (Strunnikov et al., 1993). Thus, the 
genetic analysis of the SMC1 gene and our biochemical anal- 
ysis of SeII are consistent with the notion that these proteins 
play some role in chromosome structure or function during 
mitosis. 

The SMC1 protein is the founder member of an emerging 
family of related polypeptides in organisms from myco- 

Figure 12. Proposed model for the structure of ScII. The circled 
A and B represent NTP-binding A and B sites. Those sites are 
brought close together by bending of the spacer between the coiled 
coils (left) or forming an antiparallel homodimer (r/ght). Thick 
boxed regions represent the predicted coiled-coils, and the shaded 
regions represent the interactions between the coils that hold the 
structure together. 
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Figure 13. Unrooted phylogenetic tree showing distances between 
Walker B sites of selected ABC transporters, DNA repair and 
recombination enzymes, SMC1 family members, RNA helicases, 
and adenylate kinase. 

plasma to man, which share three common features (Strun- 
nikov et al., 1993). These polypeptides, which range from 
115 to 165 kD in size, all have a nucleotide-binding pocket 
(A site) very close to their amino terminus, and a second 
conserved region very close to their carboxy terminus. As 
described below, this second site resembles the NTP-binding 
B site found in several classes of ATPases. These two sites, 
potentially involved in nucleotide utilization, are widely 
separated by two regions predicted to form a-helical coiled 
coil (,,0250 and 350 amino acids in length, respectively, in 
SclI), and a central spacer. Overall comparison of the pri- 
mary amino acid sequences for the entire molecules does not 
show a particularly high level of similarity among SMC1 
family members. This is partly because the regions of coiled- 
coil are divergent in sequence, even between the most closely 
related family members, SclI and Smc2p. If the coiled-coils 
serve primarily as spacers to position the Walker A and B 
sites with respect to one another, then the relative lengths of 
the coils may be more important than their detailed amino 
acid sequences. 

It is unusual to have the NTP-binding A and B sites so far 
apart in an ATPase, since both must interact with the nucleo- 
side triphosphate, a small molecule. This leads us to predict 
one of two conformations for members of the SMC1 family. 
First, the proteins could function as monomers if the central 
region is a hinge (Fig. 12, right). In this case, the two regions 
of coiled-coil could fold back on one another in an an- 
tiparallel conformation, thus giving the molecule a hairpin 
shape and bringing the two parts of the NTP binding fold to- 
gether. Alternatively, the proteins could function as extended 
antiparallel dimers, with the NTP-binding A site of one 
monomer associating with the B site from its partner (Fig. 
12, left). Of course all of this speculation rests on the validity 
of the assumption that these proteins are, in fact, ATPases. 
It will be essential to test this hypothesis as purified proteins 
become available. 

When the sequences of the SMC1 family members are 
compared in detail, some similarity is also noted in the re- 
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gion of the central spacer that separates the two regions of 
coiled-coil. As suggested above, this region might act as a 
hinge, creating a characteristic fold so that two A and B sites 
are brought together. Alternatively, it may form a site for in- 
teraction with other proteins such as topoisomerase II (see 
below) or with DNA. 

SMCI Family Members Resemble a Bacterial DNA 
Repair and Recombination Enzyme 

NTP-binding A and B sites were defined by Walker and col- 
leagues by using amino acid sequences from several different 
ATPases, including adenylate kinase, Rec A protein, and 
myosin (Walker et al., 1982). A variety of studies, including 
site-directed mutagenesis and structural analysis by nuclear 
magnetic resonance, have led to the thinking that the posi- 
tively charged lysine residue in the A site binds to the nega- 
tively charged phosphate, while the negatively charged 
aspartate in the B site coordinates the positively charged 
Mg 2÷. This aspartate in the B site may be involved in hy- 
drolysis of the phosphodiester bond (Serpersu et al., 1986; 
Pause and Sonenberg, 1992). 

Although the core sequence of the A site is fairly well con- 
served, the B site is considerably more divergent. However, 
functionally related proteins tend to have B site sequences 
that are more closely related than the corresponding regions 
of functionally distinct proteins. To gain some insight about 
the possible function of SclI, we assembled a consensus se- 
quence for the conserved COOH-terminal region common 
to the SMC1 family members. In the original description of 
Smcl, the similarity of this conserved sequence to the Walker 
B site was not discussed, and the motif was called the DA 
box (Strunnikov et al., 1993). Using our consensus, we 
searched the entire coding region of representatives from the 
transporter and RNA helicase families, as well as other pro- 
teins whose ATPase activities were well known. The fact that 
the computer recognized the well-characterized B sites of 
those proteins as related to the DA box supports our hypothe- 
sis that the DA box may be an NTP-binding B site. 
Significantly, all of the B sites examined, including those of 
the SMC1 family members, contained the above mentioned 
aspartate as the only absolutely conserved residue. Next, 
taking advantage of the alignments between the B sites of 
respective ABC transporters, RNA helicases, and adenylate 
kinase, we established a phylogenetic tree (Fig. 13) based on 
the distance between the sequences in the alignments. The 
SMC1 family was positioned in the middle of this tree. 
Similarities between ABC transporters, UvrA, and recN 
(Doolittle et al., 1986; Gorbalenya and Koonin, 1990) that 
have previously been found by comparing the entire coding 
sequences were also found by our strategy. 

We were very interested to find that the protein whose 
NTP-binding B site most closely resembles the SMC1 family 
consensus also shares a second significant structural feature 
with the SMC1 family members. In this protein, bacterial 
recN (a DNA repair and recombination enzyme), the two 
NTP-binding sites are also separated by a relatively long 
stretch of",,500 amino acids that has a significant probability 
of forming a coiled-coil. We emphasize that the phylogenetic 
tree of Fig. 13 only concerns the sequence of the NTP- 
binding B site, and therefore, probably only indicates pro- 
teins that hydrolyse ATP in a similar manner. However, this 

additional similarity between recN and the SMC1 family 
members may indicate further similarities of function, and 
it serves as a starting point for future functional analysis of 
the role of ScII in the chromosome. 

The Function of Scll is Unknown, but the Protein 
Has Been Shown To Be in at Least One Complex with 
Topoisomerase H 

Although the function of ScII is unknown, evidence obtained 
in an earlier study indicated that the protein can exist in a 
complex with topoisomerase II. In that study, a protein com- 
plex called UB2 was purified from undifferentiated murine 
erythroleukemia cells based on its binding to a specific se- 
quence motif found in the 3' flanking region of the/~-globin 
gene (Ma et al., 1993). This binding site also occurs near 
the carbonic anhydrase I and c-myb genes, as well as in the 
immunoglobulin heavy chain enhancer region (Ma et al., 
1991). These regions shared two discernible sites that are im- 
portant for UB2 binding. The UB2 DNA-binding activity 
was not present in MEL cells that had been induced to 
differentiate and had initiated transcription of the/~-globin 
gene. Thus, it was postulated that the UB2 complex might 
be involved in regulation of ~3-globin expression. 

The UB2 activity passed over DEAE sepharose and DNA 
affinity columns was found to copurify with three major 
polypeptides of 170, 116, and 48 kD, and a minor polypep- 
tide of 135 kD (Ma et al., 1993). The 170-kD component 
was shown by immunoblotting to be topoisomerase II, and 
addition of anti-topoisomerase II to the nucleoprotein gels 
produced a super shift of the UB2 complex. The 135-kD 
component of this complex was found to be SclI. Addition 
of affinity-purified anti-SclI antibodies caused a specific in- 
crease in the mobility of the UB2 complex, consistent with 
dissociation of one or more components. 

In addition to the presence of topoisomerase II and SclI 
in the UB2 complex, two other observations also support the 
notion that the two molecules might interact. First, we have 
noted that the distribution of SclI in spread mitotic chromo- 
somes is essentially identical to that seen for topoisomerase 
II. Second, in an independent method of purifying topo- 
isomerase II, nuclear extracts from a chicken lympho- 
blastoid cell line were passed sequentially through hydrox- 
yapatite and phosphocellulose columns (Wood, E. R., 
unpublished data). The final fraction contained roughly 
equimolar amounts of topo II, SclI, and a third (unidentified) 
species of 116 kD. Although we have not yet shown that these 
proteins are actually associated in a complex, the similarity 
of this fraction to the UB2 complex is striking. 

It will be very important in future studies to determine 
whether SclI is, as its sequence suggests, an ATPase, and 
whether the protein has an essential role (possibly enzy- 
matic) in chromosome condensation or sister chromatid dis- 
junction. It will also be interesting to confirm whether SclI 
and topoisomerase II do exist in specific complexes in chro- 
mosomes, and if so to assess the relevance of such complexes 
in vivo for chromosome structure and function. 
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Note Added in Proof. We have recently learned of two further SMC1 family 
members that resemble ScII. Fission yeast cut 14p is 34% identical to SclI, 
and it is required for chromosome condensation and disjunction in mitosis 
(Saka, Y., T. Sutani, Y. Yamashita, S. Saitoh, M. Takeuehi, Y. Nakaseko, 
and M. Yanagida. EMBO (Fur. Mol. Biol. Organ.) J. In press). Xenopus 
XCAP-E is 68% identical to SclI, and it is required for chromosome con- 
densation in cell-free mitotic egg extracts (Hirano, T., and T. J. Mitchison. 
A heterodimeric coiled-coil protein required for mitotic chromosome con- 
densation in vitro. Cell. In press). 
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