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ABSTRACT We used antisera from patients with the CREST syndrome of scleroderma (calcinosis,
Raynaud’'s phenomenon, esophageal dysmotility, sclerodactyly, telangiectasia) to show that an
antigenic component of the kinetochore present in metaphase chromosomes is also present in
nonhistone chromosome scaffolds isolated following extensive digestion of the DNA and extraction
of the bulk of chromosomal protein. All sera from 12 scleroderma CREST patients previously shown
by immunofluorescence microscopy to have circulating antikinetochore antibodies recognise a
protein of M, 77,000 (CREST-77) in an immunoblotting assay. 9 of the 12 sera also recognise an
antigen of M, 110,000 {(CREST-110). These proteins are present in isolated chromosomes and
nonhistone scaffolds derived from them by two different procedures. Sera of five scleroderma CREST
patients who are antikinetochore negative (by immunofluorescence) bind to neither protein in
immunoblots. These data suggest that CREST-77 (and possibly CREST-110) is a component of the
human kinetochore, and that the kinetochore is an integral part of the mitotic chromosome

scaffolding.

Chromosomes of most eucaryotes have a laminar plaque
structure, the kinetochore, which provides the anchoring
point for microtubules of the mitotic spindle. The kinetochore
and the condensed chromosomal region where it is found (the
centromere) have previously been studied extensively by light
and electron microscopy, but protein components unique to
this region have never been identified (reviewed in reference
1). The use of nuclease digestion procedures to enrich for
mouse centromeres has recently been described (2, 3); how-
ever, the degree of enrichment obtained has not yet been
sufficient to permit identification of kinetochore proteins,
which are expected to be extremely minor chromosomal
components,

Recently, a new avenue for study of the kinetochore was
opened by the discovery that sera obtained from certain
patients with the CREST syndrome of scleroderma (calci-
nosis, Raynaud’s phenomenon, esophageal dysmotility, scler-
odactyly, telangiectasia) contain autoantibodies that bind spe-
cifically to a centromere antigen (4) shown by immunoelec-
tron microscopy to be located in the basal region of the
kinetochore (5). Early experiments suggested that the antigen
recognised by these sera is a protein:DNA complex (it was
sensitive to trypsin and DNase I [4]). The sera have been used
to show that the kinetochore remains relatively condensed
during interphase (5, 6).

More recently, electron microscope examination of nonhis-
tone chromosome scaffolds isolated from nuclease-digested
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metaphase chromosomes (7-9) suggested that the scaffolds
might retain kinetochore components (10). Since scaffolds
retain only ~5% of the chromosomal protein (9, 10), they
could be substantially enriched for any kinetochore proteins
specifically retained in the structure.

In the work reported below, we have used antikinetochore
sera from a number of patients with scleroderma CREST to
show that some components of the kinetochore are indeed
found in the mitotic chromosome scaffold (7--10). We have
further identified a protein antigen of M, 77,000 that is
recognised by all kinetochore-positive scleroderma sera we
have tested. This protein is likely to be a component of the
kinetochore.

MATERIALS AND METHODS

Buffers and Reagents: The buffers referred to below are: RSB, 10
mM Tris:HCl, pH 7.4, 10 mM NaCl, 5 mM MgCl,; D-PBS, 8.06 mM
Na,HPO,-7H;0, 1.47 mM KH,PO,, 137 mM Na(l, 2.7 mM K(l, 0.68 mM
CaCl,, 0.492 mM MgCl,; KB, 10 mM Tris:HCl pH 7.7, 150 mM NaCl, 0.1%
Triton X-100, 0.1% bovine serum albumin (Sigma fraction 5); CB, 10 mM
triethanolamine:HCl, pH 7.4, 10 mM Nacl, 5 mM MgCl,.

DAPI (Sigma Chemical Co., St. Louis, MO) is 4’6-diamidino-2-phenylin-
dole, a nonintercalating DNA-binding fluorescent dye.

Immunofluorescence of Cells and Chromosomes: HeLa S3
cells were spun down at 1,200 g and resuspended in Y20 vol of RSB buffer.
After 5 min, 10 ul of cells were placed on a 9 X 9 mm cover slip (precoated
with polylysine [11]) that was placed on a filter paper disk in a plastic petri
dish. The dish was centrifuged in a Beckman TJ6-R centrifuge for 2.5 min at
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2,800 rpm. Cover slips with antigen were washed twice for 5 min in D-PBS,
fixed for 10 min in 3% paraformaldehyde in D-PBS, washed twice for 5 min
in buffer KB, incubated with 15 ul of the appropriate serum dilution in KB for
30 min at 37°C, washed twice for 10 min with buffer KB, incubated with the
appropriate dilution of preadsorbed FITC-coupled goat anti human Ig (Cappel
Laboratories, Cochranville, PA) for 30 min at 37°C, washed twice for 10 min
at 4°C in KB, blotted dry, and mounted in 2 ul of Mowiwol, pH 8.5 (12).

Cells were extracted in situ as follows. After the second wash in D-PBS, the
cover slips were incubated with 40 ug/ml micrococcal nuclease (Worthington
Biochemical Co., Freehold, NJ) in D-PBS for 20 min at 4°C. They were then
incubated for 20 min in a solution of 1X lysis mix (with either dextran
sulphate:heparin or NaCl) prepared as previously described (7, 9, 10). The
extracted cover slips were rinsed twice with D-PBS and then processed as
described above, starting with the formaldehyde fixation. To monitor the
success of the in situ nuclease digestion procedures, we stained some cover slips
prepared in parallel with DAPI (13). Slides were examined in an Olympus BH-
2 microscope and photographed on Tri-X pan film, ASA 1000.

Chromosomes and scaffolds were isolated from HeLa S3 cells as described
previously (9, 10). Note that the polyanion procedure, wherein chromosomal
proteins are extracted in the presence of dextran sulphate and heparin (9),
requires low ionic strengths, making it intrinsically different from extraction
with 2 M NaCl (see discussion in reference 10).

Chromosomes and scaffolds were centrifuged onto cover slips as follows. A
24-well microtiter plate was cut in half. In each well, 0.6 ml of the appropriate
buffer containing 0.1 M sucrose was added on top of a 9-mm square polylysine-
coated cover slip. 20-50 ul of the appropriate dilution of chromosomes or
scaffolds was layered over the cushion, and the plate was then centrifuged in
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the TJ6-R at 2,800 rpm for 20 min. Staining was carried out exactly as described
above, except that buffer CB was used for the final two washes instead of buffer
KB.

Electrophoretic Techniques:  Electrophoresis in 12.5% SDS poly-
acrylamide gels was performed as described previously (9, 10). Proteins were
electrophoretically transferred onto nitrocellulose paper and processed for final
antibody detection with '*I-protein A (14). Note that in these gels there is
heavy nonspecific binding to the histones by normal as well as patient sera.
This is due to the large amount of protein present in the histone bands. Histones
are sticky enough so that even the stringent wash conditions used here (both
antibody and protein A were washed with 2 M urea in addition to the more
standard Triton X-100—containing buffer) were not sufficient to eliminate all
nonspecific binding,

RESULTS AND DISCUSSION
Immunofluorescence Experiments

When HeLa cells arrested in mitosis are centrifuged onto
cover slips and incubated with serum GS, from a scleroderma
patient, the kinetochore regions are stained specifically (Fig.
1, a and b). This staining is not observed with normal serum
(Fig. 1, ¢ and d) or with FITC second antibody alone (not
shown).

To determine whether the kinetochore antigen might be a
component of the nonhistone chromosome scaffold as previ-

The kinetochore antigen is retained in scaffolds formed from mitotic cells on cover slips. {(a—f} cells centrifuged onto
cover slips and stained as follows: (a and b) patient serum GS, (c and d) normal serum, WE, and (e and f) DAPI. (g-/) Cells
centrifuged onto cover slips, nuclease digested and extracted as described in Materials and Methods, then stained as follows: (g
and h) patient serum GS, (i and j) normal serum WE, and (k and /) DAPI. Bar, 10 gm. X 1,130.
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ously suggested (10), we subjected cells centrifuged onto cover
slips to the treatments used to isolate scaffolds in solution
(7-10). These treatments remove all discrete structures ob-
servable under phase contrast (Fig. 1g) as well as the bulk of
the cellular DNA detected by fluorescent staining with DAPI
(in Fig. 1, compare e and f with k and /). Nevertheless, the
kinetochore-specific staining by serum GS remains (Fig. 1 /).
Such staining is not observed when normal serum is used
(Fig. 1, i and j). Our results contrast with those of an earlier
report, where DNase | treatment was found to abolish specific
staining (4). The persistence of twin spots arising from sister
kinetochores suggests strongly that discrete structures and not
debris give rise to the staining.

When extractions are performed using cells attached to
cover slips, it is not possible to characterize the extracted
structures biochemically. We therefore repeated the above
experiments using chromosomes isolated by an aqueous pro-
cedure (9). These chromosomes were treated to isolate non-
histone scaffolds as described previously (10), and then cen-
trifuged onto cover slips. SDS PAGE indicated that the his-
tones and the bulk of the nonhistone proteins were solubilized
by the procedure (for example, see Fig. 3¢).

Phase-contrast and fluorescence microscopy of isolated
chromosomes stained with serum GS is shown in Fig. 2, a
and b. Kinetochore specific staining is observed, but not when
normal serum is used (Fig. 2, ¢ and d). Scaffolds isolated by
either polyanion or high salt procedures retain the kineto-
chore-specific staining (Fig. 2, e-h). Again, no specific staining
was seen with normal serum and no DNA could be detected
in the scaffolds by DAPI staining (data not shown).

Protein Analysis

We used the protein blotting procedure (14) to identify
antigens recognized by serum GS in both chromosomes and

scaffolds. This serum recognized two proteins of M, 110,000
and M, 77,000 (Fig. 3). Because these two antigens are recog-
nised by a number of independent sera from patients with
scleroderma CREST (see below), we refer to them as CREST-
110 and CREST-77. Both were present in chromosomes and
scaffolds isolated by either polyanions or 2 M NaCl (Fig. 3).

CREST-110 and CREST-77 appear to be distinct from a
number of antigens and chromosomal components identified
with either scleroderma patient sera or by biochemical frac-
tionation of chromosomes. (@) CREST-77 appears to be dif-
ferent from Scl-70, a protein present in rat liver nuclei that is
immunoprecipitated by sera from certain scleroderma pa-
tients (15). First, immunofluorescence performed with anti-
sera exhibiting anti-Scl-70 activity shows diffuse nuclear
rather than punctate anticentromere staining. Second, Scl-70
cofractionates with histone HI1 through several extraction
steps (15) while CREST-77 is tightly associated with the
chromosome scaffold, a structure that totally lacks HI. (b)
Our sera do not appear to bind to any of the antigens
recognised by the sera reported by Cox et al. (16). We cannot
explain this discrepancy, although it could be simply due to
diversity in the scleroderma patient population. {¢) CREST-
110 and CREST-77 are distinct from the two previously
identified high molecular weight components of the meta-
phase chromosome scaffold (9), Scl (M, 170,000) and Sc2 (M,
135,000 [see Fig. 3c)).

The kinetochore plaques comprise a tiny percentage of total
chromosome mass; thus, kinetochore constituents would be
expected to be extremely minor chromosome components.
Consistent with this, no prominent stained bands are seen in
Coomassie-Blue-stained gels at mobilities corresponding to
CREST-110 or CREST-77. Further, when S mg of chromo-
somes were electrophoresed in an SDS polyacrylamide gel,
transferred to nitrocellulose paper (14), and the region con-

Ficure 2 The kinetochore antigen is retained in the chromosome scaffold. (a-d) HelLa chromosomes stained with (a and b}
patient serum GS and (c and d) normal serum WE. (e and f) Scaffolds made by the polyanion procedure (5, 6) centrifuged onto
a cover slip, and stained with patient serum GS. (g and h) Scaffolds made by the 2 M NaCl procedure and stained with patient
serum GS. Control experiments with normal serum were performed for the material of e-h but are not shown since nothing was
seen by either phase-contrast or fluorescence microscopy. Bar, 10 um. X 1,640.
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taining CREST-77 was excised, this region neither bound
sufficient antibody for use in subsequent staining experiments
(17), nor could it deplete the serum of kinetochore-staining
activity. (Note, however, that the titer of serum GS is
1:10,240.) Alternatively, our inability to affinity purify anti-
CREST-77 in this way may be due to its high binding affinity,
since this binding is little affected by standard procedures used
for antibody elution (data not shown).

To further explore the possibility that either CREST-110
or CREST-77 (or both) is the kinetochore antigen, we probed
protein blots with sera from eleven other scleroderma patients
(Fig. 4). In all cases, heavy binding to the histones was

Ficure 3 Binding of scleroderma sera to electrophoretically sep-
arated components of isolated chromosomes and scaffolds. In all
panels the lanes are as follows: 1, chromosomes; 2, scaffolds made
with 2 M NaCl; 3, scaffolds prepared with dextran sulphate:heparin
lysis mix. (A) Normal serum WE 1:500.(B) Patient serum GS
1:500.(C) Coomassie-Blue-stained gel with twice as much sample
loaded per lane. The additional lane has marker proteins myosin
(M, 200,000), phosphorylase b (M. 95,000}, bovine serum albumin
(M. 68,000), catalase (M, 60,000), actin (M, 43,000), aldolase (M,
40,000), carbonic anhydrase (M, 29,000), beta lactoglobulin (M,
18,400), myoglobin (M, 16,900), cytochrome ¢ (M, 11,200). Non-
specific binding of antibody is indicated by open arrows (see legend
to Fig. 4). The positions of histones are indicated by H in the
immunoblots and are more fully labeled inpanel c. Sc1 and Sc2,
labeled in ¢, are the major protein components of HeLa metaphase
chromosome scaffolds (9). Note that, due to the different solvent
conditions required for immunoblotting and Coomassie Blue stain-
ing, the positions of proteins in c are slightly different from those in
aand b.

Ficure 4 Detection of protein antigens of iso-
lated chromosomes recognised by 12 different
scleroderma patient sera. The chromosomes
were run in a single wide track in a 12.5% SDS
polyacrylamide ge! and blotted onto a single
nitrocellulose sheet (14). The sheet was cut into
strips and stained with the following sera: a,
normal serum WE; b, serum GS; ¢, G2016; d,
E186, e, B4706; f, F2248; g, G1942; h, Pav; i,
G857; j, G2442; k, G536; [, H345; m, H352. All
sera were used at a dilution of 1:500. Bound
antibody was detected with '*’l-protein A. In
all immunoblotting experiments the histones
were found to exhibit nonspecific binding to
antibody and protein A. This is likely to be due
both to the large amount of histone present
and to the intrinsic stickiness of the histones.
Nonspecific binding is indicated by open ar-
rows, with the histones labelled H. Various
specific antigens recognised by individual sera
are indicated by arrowheads.
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FIGure 5 Centromere-negative sera from patients with sclero-
derma CREST do not recognise CREST-110 or CREST-77 in immu-
noblots. Chromosomes were run in a single wide track in a 7.5%
polyacrylamide gel and the proteins electrophoretically transferred
to nitrocellulose paper that was then cut into strips and probed
with the following sera: a, normal serum WE; b, E2042 (identical
patterns were obtained with sera F1145 and H1040); c, W2555; d,
centromere-positive serum GS; e, H231. All sera were used at a
dilution of 1:500. Nonspecific binding is indicated by open arrows.

observed since the gels had to be heavily loaded to obtain
sufficient signal in the specifically labeled bands (see Materials
and Methods). While differing sera showed specific binding
to a number of different protein species, all sera showed strong
binding to CREST-77 and nine showed some binding to
CREST-110. All 12 sera show specific kinetochore staining.
In addition, we probed protein blots with sera from five
patients with sclerodemra CREST who lacked the antikine-
tochore antibody as detected by immunofluorescence micros-
copy, and with sera from nonscleroderma patients having
speckled, diffuse and peripheral antinuclear antibody. None
of these eight control sera showed binding to CREST-77 or
CREST-110. Fig. 5 shows representative immunoblots from
these experiments.

The most likely interpretation of these results is that
CREST-77 is a component of the kinetochore. CREST-110
may also be a kinetochore component, though it does not
show the absolute correlation with kinetochore staining that
we have observed for CREST-77.

SUMMARY

We have shown that the kinetochore is an integral part of the
chromosome scaffold, a network of nonhistone proteins pos-
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tulated to play a role in establishment and maintenance of
the condensed metaphase morphology (7-9, 18). Since attach-
ment of the spindle to the kinetochore has been shown in
micromanipulation experiments to be mechanically robust,
surviving extensive stretching of the chromatids (19), it is not
surprising that the mitotic apparatus is anchored to the scaf-
fold.

We have found that two proteins of M, 110,000 and M,
77,000 (CREST-110 and CREST-77) are recognized in blots
of SDS polyacrylamide gels by serum GS. Two lines of
evidence suggest that CREST-77 may be the kinetochore
antigen recognized in immunofluorescence experiments.
First, it is a component of isolated chromosomes and scaf-
folds, as is the kinetochore antigen. Second, when a series of
12 different patient sera were compared in blotting experi-
ments, a number of other antigens were recognized, but all
sera recognized CREST-77. All twelve sera were selected on
the basis of their positive reaction in the antikinetochore
fluorescence assay. CREST-110 may also be a kinetochore
component.

CREST-77 and CREST-110 are also of interest because
they provide immunological markers for metaphase chro-
mosome scaffolds. While the existence of a chromosome
scaffold in vivo remains the subject of some controversy,
recent experiments obtaining scaffolds of simple protein com-
position (9) and defined morphology (10) suggest that scaf-
folds isolated in vitro do not arise from nonspecific protein
aggregation (20, 21). Our discovery that a discrete chromo-
some substructure, the kinetochore, is retained in the scaffold
further supports the idea that the scaffold is held together by
specific nonhistone protein associations.
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