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SUV39H1, a human homologue of the Drosophila position effect variegation modifier Su(var)3-9 and of the
Schizosaccharomyces pombe silencing factor clr4, encodes a novel heterochromatic protein that transiently
accumulates at centromeric positions during mitosis. Using a detailed structure-function analysis of SUV39H1
mutant proteins in transfected cells, we now show that deregulated SUV39H1 interferes at multiple levels with
mammalian higher-order chromatin organization. First, forced expression of full-length SUV39H1 (412 amino
acids) redistributes endogenous M31 (HP1$3) and induces abundant associations with inter- and metaphase
chromatin. These properties depend on the C-terminal SET domain, although the major portion of the
SUV39H1 protein (amino acids 89 to 412) does not display affinity for nuclear chromatin. By contrast, the M31
interaction surface, which was mapped to the first 44 N-terminal amino acids, together with the immediately
adjacent chromo domain, directs specific accumulation at heterochromatin. Second, cells overexpressing
full-length SUV39H1 display severe defects in mitotic progression and chromosome segregation. Surprisingly,
whereas localization of centromere proteins is unaltered, the focal, G,-specific distribution of phosphorylated
histone H3 at serine 10 (phosH3) is dispersed in these cells. This phosH3 shift is not observed with C-
terminally truncated mutant SUV39H1 proteins or with deregulated M31. Together, our data reveal a domi-
nant role(s) for the SET domain of SUV39H1 in the distribution of prominent heterochromatic proteins and

suggest a possible link between a chromosomal SU(VAR) protein and histone H3.

Higher-order chromatin is essential for epigenetic gene con-
trol and for the structural organization of chromosomes at
centromeres and telomeres (21, 26, 35, 36). Despite these
important functions, only very few components of higher-order
chromatin, particularly for mammalian systems, have been
identified. By contrast, genetic screens of Drosophila melano-
gaster (40) and Schizosaccharomyces pombe (4) characterized a
subfamily of ~30 to 40 loci which, collectively, can be referred
to as Su(var) group genes. Since Su(var) genes suppress posi-
tion effect variegation (PEV), their gene products are impli-
cated in the establishment of repressive chromatin domains.
Indeed, the majority of isolated family members encode either
heterochromatic proteins or enzymes that can modify the basic
unit (DNA and histones) of chromatin (49). For example,
several histone deacetylases (11, 16) or protein phosphatase 1
(5) have been classified as Su(var) products. Moreover, Su-
(var)2-5 (which encodes heterochromatin protein 1 [HP1] [24,
12]), Su(var)3-7 (8, 39), and Su(var)3-9 (47) are all dose-de-
pendent modifiers of PEV, suggesting that subtle differences in
the concentration of chromosomal SU(VAR) proteins direct
the extension of heterochromatin (21).

Su(var) gene function thus supports a simplified model in
which modifications at the nucleosomal level, like changes in
the acetylation (48) and phosphorylation (20, 50) of core his-
tones, contribute to the definition of repressive chromatin do-
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mains. Heterochromatic SU(VAR) proteins would then stabi-
lize such an altered structure and propagate higher-order
chromatin. This model predicts that some SU(VAR) proteins
will preferably interact with modified histones and/or be able
to nucleate extended associations with nuclear chromatin.
However, with the exception of the paradigm of SIR proteins
(17, 18) in Saccharomyces cerevisiae, which can be regarded as
analogues of SU(VAR) in budding yeast, a mechanistic link
between histones and heterochromatic SU(VAR) proteins has
not been described in multicellular organisms. Moreover, the
interdependence of SU(VAR) proteins in regulating the asso-
ciation with heterochromatin is only poorly understood.

Although Su(var) genes affect epigenetic control of gene
expression, their major function appears to reside in the co-
regulation of higher-order chromatin at centromeres and telo-
meres (26). For example, mutations in Su(var)2-5 have recently
been shown to result in telomeric fusions (14). Similarly, mu-
tations in swi6 (28) and clr4 (23), the respective Su(var)2-5 and
Su(var)3-9 homologues in S. pombe, induce segregation defects
and elevated rates of chromosome loss (13)—phenotypes that
are accompanied by impaired proliferative potential. Interest-
ingly, accumulation of SWI6p at fission yeast centromeres has
been shown to depend on clr4 function (13).

Recently, we isolated human (SUV39HI) and murine
(Suv39h1) homologues (1) of Su(var)3-9 and cir4. SUV39HI
and Suv39hl encode novel heterochromatic proteins that ac-
cumulate at centromeric positions during mitosis. In addition,
SUV39H1 associates with M31 (HP1B) (1), one member of the
mammalian SU(VAR)2-5 protein (HP1) family. Su(var)3-9-
related genes are of particular interest, since (i) Su(var)3-9 is
dominant over most other PEV modifier mutations (47) and
(ii) because their products combine two prominent domains of
chromatin regulators, i.e., the chromo and SET domains. In-
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FIG. 1. Ectopic SUV39HI1 redistributes endogenous M31 (HP1B) in mouse interphase and human metaphase chromatin. (Top panel) Murine Cop8 cells were
transiently transfected with a plasmid driving overexpression of (myc);-tagged full-length SUV39H1 under the control of the CMV promoter-enhancer. Costaining for
endogenous M31 and ectopic (myc);-SUV39H1 was performed with Triton X-100-extracted cells by sequential incubation with (i) rat monoclonal a-M31 antibodies
visualized with secondary CY3-conjugated antibodies (red) and (ii) mouse monoclonal a-myc antibodies that were detected with secondary FITC-conjugated antibodies
(green). DNA was counterstained with DAPI, which highlights A/T-rich repeat sequences present in the prominent heterochromatic foci (bright blue patches). (Middle
and bottom panels) Colocalization of M31 and (myc);-SUV39H1 on unfixed metaphase-arrested spreads prepared from a “stably” transfected human cell line
(HeLa-B3) that overexpresses (myc);-SUV39H1 in most of the cells (1). Images in the middle panel were taken from a (myc);-SUV39H1-negative spread, whereas the
bottom panel shows the localization of M31 under conditions of (myc);-SUV39H1 overexpression. Human DNA was counterstained with DA-DAPI. The inserts display

the distribution of antigens at enlarged chromosomes.

terestingly, mutations in either the chromo or SET domain of
clr4 have been shown to impair gene silencing, implicating both
domains in the modulation of a repressive chromatin structure
(23). The 60-amino-acid (aa) chromo domain (3, 27), initially
identified in HP1 and POLYCOMB (34), represents a protein-
specific interaction surface that resembles an ancient histone-
like fold (6) and which directs eu- or heterochromatic associ-
ations (30, 37). By contrast, the molecular role of the 130-aa
SET domain (47) remains enigmatic. Although SET domain
motifs are present in over 140 gene sequences (44) and repre-
sent preferred sites for mutations (25), only a few SET domain
interactions have been described using yeast two-hybrid and in
vitro binding assays (7, 9, 41). However, the SET domain has
recently been shown to be a target for dual-specificity phos-
phatases and their inhibitor Sbfl (SET binding factor 1), sug-
gesting involvement in phosphorylation-dependent signaling

pathways (10). Since SUV39H1 is a phosphoprotein with mi-
tosis-specific isoforms (2), the SET domain could provide a
protein module to induce dynamic transitions in chromosomal
associations and protein interactions.

We have been using a detailed structure-function analysis of
mutant SUV39H1 proteins in transfected cells to uncover the
functional roles of the chromo and SET domains. Whereas
heterochromatin localization is mediated through the N ter-
minus by an M31 interaction surface and the immediately
adjacent chromo domain, an isolated C-terminal SET domain
appears to be inactive in these assays. However, the SET do-
main modulates several properties of deregulated SUV39H]1.
For example, only SUV39H1 proteins with an intact SET do-
main disperse endogenous M31, abundantly associate with nu-
clear chromatin, induce growth and chromosome segregation
defects, and interfere with the G,-specific distribution of phos-



Triton X-100

DAPI

untreated

o-myc

o-myc

DAPI

(Jrdiisn

TH6EANS

LASV

OWIOIYON

PPN

2100
-OuwI0IYd

14S sAo

owonPy

U«T

JOSHNV

THHDV

3730



VoL. 20, 2000

phorylated histone H3 at serine 10 (phosH3). Our data indi-
cate a modular nature for SUV39H1 protein function that is
largely governed by the SET domain and suggest a possible
link between a chromosomal SU(VAR) protein and histone
H3.

MATERIALS AND METHODS

Epitope-tagged expression plasmids and transient transfections. All of the
mutant DNA encoding various SUV39HI1 proteins (see Fig. 5) and the M31
c¢DNA were inserted as PCR amplicons into pKW2T (derivative of pRK7; Ge-
nentech), which directs overexpression under the control of the cytomegalovirus
(CMV) enhancer-promoter. Modification of the 5’ end of the SUV39HI cDNA
by a Notl oligonucleotide encoding a (myc);Hg epitope has been described
previously (1). Point mutations and short deletions in the SUV39HI cDNA were
introduced by double PCR mutagenesis. Since the N44 and cysSET mutant
proteins lack the putative nuclear localization signal (NLS) present at amino acid
positions 105 to 109 in SUV39H1 (1), an oligonucleotide encoding the simian
virus 40 (SV40) NLS (PKKKRKYV) was additionally inserted between the triple
myc tag and the start of the mutant cDNAs. To generate a flag-tagged version of
SUV39H1, the (myc);H, epitope was replaced with a NorI oligonucleotide en-
coding a single flag (DYKDDDDK) peptide. For all expression plasmids, the
c¢DNA inserts and correct reading frames were confirmed by sequencing. Cloning
details are available upon request.

Expression plasmids (2 to 20 wg) were transiently transfected into murine
Cop8 or human HeLa cells using either electroporation or Lipofect AMINE
(Gibco BRL). Cells were processed for immunofluorescence assay (IF) or im-
munoprecipitation 36 to 48 h after transfection.

Generation of stable cell lines. HeLa cells were cotransfected with 10 g of
expression plasmid DNA and 1 ug of a vector conferring G418 resistance (pMex-
neo; 29). For each expression plasmid, =100 G418" colonies were analyzed by IF
and only colonies with significant expression in the majority of clonal cells were
expanded in the presence of 200 pg of G418 (Gibco BRL) per ml. Whereas
(myc);-Nchromo and (myc);-M31 clones could readily be obtained, we failed to
generate HeLa cell lines that would overexpress full-length (myc);-SUV39H1
with SET domain mutations, probably because of reduced protein stability (see
coimmunoprecipitations below). By contrast, some full-length (myc);-SUV39H1
clones with high expression could be identified in =300 G418" colonies screened,
although they gradually lost their ectopic protein with increasing cell divisions.
Therefore, aliquots of early-passage cells were stored in liquid nitrogen and only
recultivated prior to experimentation.

Antibodies and immunocytochemistry. The following antibodies were used at
the indicated dilutions for IF: mouse monoclonal anti-myc (a-myc) (immuno-
globulin G fraction of 9E10 hybridoma [1:100] or crude supernatant [1:10]),
mouse monoclonal anti-flag (a-flag) M2 (Sigma; 1:15) rat monoclonal anti-M31
(«-M31) (51; crude MAC353 hybridoma supernatant; 1:5), rabbit polyclonal
anti-phosH3 (a-phosH3) (20; 1:1,000), human anticentromeric antiserum
(hACA; patient serum no. 2412; kindly provided by Gunter Steiner, AKH,
Vienna, Austria; 1:300), and mouse monoclonal, fluorescein isothiocyanate
(FITC)-conjugated antitubulin (a-tubulin; Sigma; 1:100). Secondary antibodies
were purchased from Jackson Immuno Research Laboratories.

IF of unfixed human chromosomal spreads from stable cell lines was done as
described previously (1).

Immunolocalization of transfected proteins in mouse interphase and human
metaphase chromatin. At 24 h after electroporation, Cop8 cells were split onto
coverslips and cultivated for another 12 h. Cells were washed twice in phosphate-
buffered saline, fixed for 15 min at room temperature with 2% formaldehyde, and
processed for IF (untreated). Alternatively, cells were washed twice in phos-
phate-buffered saline, extracted for 2 min in stabilization buffer containing 0.5%
Triton X-100 (1), and then fixed for IF analysis. Ectopic proteins were visualized
with a-myc or a-flag M2 antibodies, followed by incubation with FITC-conju-
gated secondary antibodies.

HeLa cells were transfected by electroporation, cultivated for ~48 h, and
incubated for 1 h with Colcemid (Gibco BRL; 0.1 pg/ml). Following trypsiniza-
tion, cells were hypotonically swollen for 15 min in 10 mM Tris/HCI (pH 7.5)-10
mM NaCl-5 mM MgCl, and spread onto microscope slides in a Cytospin 3
(Shandon). Spread chromosomes were fixed for 10 min at room temperature
with 2% formaldehyde and processed for indirect IF with a-myc antibodies.
DNA was counterstained with distamycin A (DA; Sigma) and 4’,6'-diamidino-
2-phenylindole (DAPI; Sigma). Human chromosomes 1 were visually selected by
their size and prominent pericentric block of DA-DAPI dense staining. Image
analysis was performed using a Zeiss Axiophot microscope, a charge-coupled
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device camera (Photometrics), and Adobe Photoshop 4.0. Quantification of IF
signals by chromosome scanning was done using IP-Lab Spectrum software.

Coimmunoprecipitations and protein blot analysis. HeLa cells were tran-
siently transfected with 20 pg of expression plasmids by electroporation. At 48 h
after transfection, nuclear extracts were prepared. Since the expression levels
and/or stability of the various mutant SUV39H1 proteins varied (particularly for
the Achromo mutant protein and for the chromo and SET domain mutations; see
Fig. 5), the amounts of ectopic proteins were precalibrated by Western analysis
and normalized by the addition of HeLa nuclear extract. Approximately 900 pg
of adjusted nuclear extracts was then processed for coimmunoprecipitation with
a-myc beads as described previously (1). Protein blots were probed with a-myc,
«a-M31, and anti-Suv39h1 (a-Suv39hl) (1) antibodies. Primary antibodies were
visualized by peroxidase staining using Enhanced ChemiLuminescence (Amer-
sham).

Growth curves and cell cycle analysis. For growth curve analysis, HeLa cell
clones were reseeded in triplicate at 10° cells per 10-cm-diameter dish. Cultures
were incubated without a medium change for 1 week, and total cell numbers
were determined every other day using a CASY1 cell counter. Synchronization of
cells at the G,/S boundary by double thymidine block and analysis of cell cycle
stages and DNA content by FACScan (Becton Dickinson) were done as previ-
ously described (2).

RESULTS

Deregulated SUV39H1 redistributes endogenous M31
(HP1B). Suv39hl has been shown to display significant colo-
calization with M31 (HP1B) at mouse interphase heterochro-
matin (1). To investigate the interdependence of M31 and the
mammalian Suv39hl or SUV39HI1 protein, we analyzed the
distribution of endogenous M31 in mouse CopS§ cells that had
been transiently transfected with (myc);-tagged SUV39HI.
Following transfection, the cells were extracted with Triton
X-100 to visualize chromatin-bound proteins. Surprisingly, in
cells with a high ectopic protein content, endogenous M31 is
displaced from heterochromatin and colocalizes with (myc);-
SUV39H1 in a rather uniform distribution throughout the
entire nucleus (Fig. 1, top panel). By contrast, overexpressed
(myc);-M31 remains at heterochromatic foci in interphase (see
Fig. 2, top panel).

We next examined whether SUV39H1 could also modulate
the localization of M31 at mitotic chromosomes. We estab-
lished several human HeLa cell lines that “stably” express
(myc);-SUV39H1 in the majority of cells within a given clonal
population (see Materials and Methods). Following Colcemid
arrest, unfixed chromosome spreads were analyzed by indirect
IF with a-myc and «-M31 antibodies. In cells lacking (myc),-
SUV39H1, the mitotic fraction of endogenous M31 localizes to
pericentric heterochromatin (43, 51) and to several discrete
areas in the chromosomal arms (31) (Fig. 1, middle panel with
insert). However, in the presence of ectopic SUV39H1 protein,
staining for endogenous M31 is significantly enhanced and,
together with (myc);-SUV39HI, results in abundant signals
along the entire chromosomes (Fig. 1, lower panel with in-
serts).

Abundant chromatin association of ectopic SUV39H1. The
extensive associations of deregulated SUV39H1 with inter-
and metaphase chromatin suggested that the Suv3%hl or
SUV39HI1 protein may have much broader affinity for nuclear
chromatin than previously anticipated. To identify domains in
the SUV39H1 protein responsible for chromatin association,
we generated a series of (myc);-SUV39H1 mutant proteins
(see Fig. 5) and analyzed their distribution in mouse interphase
chromatin after transient transfection in Cop8 cells. In partic-

FIG. 2. Distribution of ectopic M31, full-length SUV39H1, and SUV39H1 mutants in mouse interphase chromatin. Murine Cop8 cells were transiently transfected
with overexpression plasmids encoding (myc);-M31, full-length (myc);-SUV39H1, and mutant (myc);-SUV39H1 (indicated to the left; see Fig. 3 and 5 for mutant
protein descriptions) and stained by indirect IF with a-myc antibodies (green). DNA was counterstained with DAPI (blue). Transfected cells were either directly
processed for IF (left row) or extracted with Triton X-100 to visualize chromatin-associated proteins (right row). After Triton X-100 extraction, only full-length
(myc);-SUV39HI1 displays a broad distribution that is not enriched for heterochromatic foci (second panel from the top).
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FIG. 3. Distribution of full-length and mutant SUV39H1 on human metaphase chromosome 1. Human HeLa cells were transiently transfected with overexpression
plasmids encoding full-length and mutant (myc);-SUV39H1 (indicated to the left) and stained by indirect IF with a-myc antibodies (green). DNA was counterstained
with DA-DAPI (blue). Transfected cells were enriched for metaphase by Colcemid arrest, hypoton treated, spread by cytocentrifugation, and fixed prior to IF. Human
chromosomes 1 were visually selected by their large size and prominent block of pericentric heterochromatin. To quantify the intensities of myc signals, chromosomes
were also scanned along their entire length (right column).
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FIG. 4. In vivo coimmunoprecipitation of mutant SUV39H1 with M31. Human HeLa cells were transiently transfected with overexpression plasmids encoding
full-length and mutant (myc);-SUV39H1 and processed for coimmunoprecipitation (IP) with a-myc antibody beads (right panel). Nuclear extracts were precalibrated
and adjusted for comparable amounts of ectopic proteins prior to coimmunoprecipitation (left panel; inputs). Protein blots were probed with a-myc and a-M31
antibodies. The boxed area (marked IgL) indicates residual staining of immunoglobulin light chains that were retained in the precipitated material.

ular, we examined C-terminal truncations, N-terminal trunca-
tions, and chromo and SET domain mutations. Mutant pro-
teins lacking the putative NLS at aa 105 to 109 (1) were
modified by addition of the SV40 NLS, and nuclear accumu-
lation of all mutant (myc);-SUV39H1 proteins was verified by
indirect IF (Fig. 2, left rows). To visualize chromatin-bound
proteins, transfected Cop8 cells were extracted with Triton
X-100 prior to fixation for indirect IF with a-myc antibodies
(Fig. 2, right rows).

Since expression levels differed among mutant SUV39H1
proteins (see Fig. 5) and transfected cells vary in the abun-
dance of ectopic protein, we evaluated subnuclear localization
under conditions of both low and high overexpression. Indirect
IF of low-expression Cop8 cells indicated accumulation of full-
length (myc);-SUV39H1 (412 aa with several nuclear patches
that overlap the bright DAPI counterstaining (Fig. 2, two cells
in the upper half of the second panel, left row). At higher levels
of overexpression, however, (myc);-SUV39H1 is no longer en-
riched at heterochromatic foci but associates with chromatin
throughout the entire nucleus, even after after Triton X-100
extraction (Fig. 2, second panel, right row). Such broad affinity
for nuclear chromatin was specific for full-length SUV39H1
and was not observed with truncated SUV39H1 proteins,
whose subnuclear localizations were largely insensitive to pro-
tein expression levels (see below and data not shown). Simi-
larly, ectopic (myc);-M31 also did not display abundant affinity
for nuclear chromatin but remained accumulated at hetero-
chromatic foci (Fig. 2, top panel).

Identification of a heterochromatin targeting region in
SUV39H1. Analysis of mutant (myc);-SUV39H1 proteins re-
vealed a complex pattern of chromatin distribution. First, mu-
tant proteins with truncations of the C-terminal SET domain
(aa 3 to 249; ASET) or of the major portion of the protein (aa
3 to 118; Nchromo) resulted in heterochromatin-restricted as-
sociations. Second, the very N terminus (aa 3 to 44; N44), the
chromo core (aa 37 to 118), or mutant proteins lacking the N
terminus (aa 89 to 412 [ANS89] and aa 161 to 412 [cysSET])
failed to remain chromatin bound. Third, deletion of the
chromo domain (aa 44 to 88; Achromo) induced extensive
chromatin associations throughout the nucleus, whereas
chromo domain mutations (L,s—R and AlLgs, [data not
shown]) that are predicted to interfere with protein interac-
tions mediated by the hydrophobic groove (6) still allowed

some enriched distribution at heterochromatin. Fourth, short
internal deletions (ANHSCDPN,,;5,, [ANHSC] and
AGEELTFDY ;54 365 [AGEEL]) of the two most-conserved re-
gions in the SET domain (25) significantly reduced the dis-
persed chromatin association of the full-length protein to more
heterochromatin-enriched distributions. These data define the
combination of the very N terminus and the chromo domain as
a heterochromatin-targeting region (the first 118 aa of
SUV39H1), whose specific accumulation at heterochromatin
appears to be modulated by the presence of an intact SET
domain.

The SET domain extends chromosomal associations in in-
ter- and metaphase chromatin. We next investigated the dis-
tribution of (myc);-SUV39H1 mutant proteins in metaphase
spreads of transiently transfected HeLa cells. To standardize
this analysis for all of the transfectants, we selected human
chromosome 1 because of its large size and prominent block of
pericentric heterochromatin. To further quantify the resolu-
tion, stained chromosomes were also scanned along their en-
tire length (see Materials and Methods). Similar to the dis-
persed distribution in interphase chromatin, full-length
(myc);-SUV39H1 abundantly decorates the chromosomal
arms and is even slightly underrepresented at pericentric het-
erochromatin (Fig. 3, top panel; images and scans). By con-
trast, the ASET and Nchromo mutant proteins are specifically
enriched at pericentric heterochromatin and show only resid-
ual staining in the arms. The chromosome 1 distribution of the
Achromo mutant protein or of the internal chromo mutations
(data not shown) closely resembles that of the full-length pro-
tein. However, with mutations in the SET domain (ANHSC
and AGEEL [data not shown]), a significant fraction of ectopic
protein was present at pericentric heterochromatin. Thus, al-
though an extended SET domain (e.g., AN89 and cysSET [data
not shown]) lacks activity for interaction with nuclear chroma-
tin, the SET domain appears to be a dominant protein module
that extends and redirects the intrinsic heterochromatin affinity
of SUV39H1.

M31 (HP1) interaction is insufficient to direct chromatin
association of SUV39H1. The presence of the chromo domain
in the heterochromatin-targeting region of SUV39HI1 sug-
gested that a possible interaction with M31 is involved in the
regulation of chromosomal associations. Previous studies indi-
cated that in vitro cotranslations or pull-down assays with re-
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FIG. 5. Summary of mutant SUV39H1 analysis. The names and schematic representations of mutant (myc);-SUV39H1 are in the leftmost columns. The chromo
domain is shown as a grey-shaded box, and the C-terminal SET domain is in black. Numbers refer to amino acid positions in the SUV39H1 protein (1). Mutant proteins
are grouped as C-terminal (C-term.) and N-terminal (N-term.) truncations and chromo and SET domain mutations. The names of the two SET domain mutant proteins
are abbreviated; they contain short deletions of seven (ANHSCDPN3,3_359) or eight (AGEELTFDY ;54 345) amino acids within the two most-conserved regions of the
SET domain (25). The abbreviation nls denotes an SV40 NLS added to the N44 and cysSET mutant proteins. Average expression levels of ectopic proteins were
estimated from Western blots of nuclear extracts after transient transfections of Cop8 and HeLa cells, setting the relative abundance of full-length (myc);-SUV39H1
arbitrarily to 100%. The M31 coimmunoprecipitation (co-IP) data are from Fig. 4, and the M31 coprecipitation potentials are categorized as strong (+++),
intermediate (++), weak (+), and negative (—). The data on association with nuclear chromatin are from Fig. 2 and 3. The different distributions in mouse interphase
(after Triton X-100 extraction) are indicated as enriched at heterochromatic foci (HET) or broad staining throughout the entire nucleus (dispersed). Association with
metaphase chromosomes is summarized as enriched at pericentric heterochromatin (CEN) or broad decoration along the arms (arms). Lack of chromatin association

is indicated by a minus sign.

combinant SUV39HI1 proteins are not suitable for detection of
a direct interaction between SUV39H1 and M31 (1). We
therefore performed coimmunoprecipitations with nuclear ex-
tracts of HeLa cells that had been transiently transfected with
the (myc);-SUV39H1 mutant constructs. Nuclear extracts
were adjusted for ectopic protein (see Materials and Methods)
(Fig. 4, left panel; inputs) and precipitated with a-myc beads,
and bound proteins were probed with a-myc and «-M31 anti-
bodies (Fig. 4, right panel). The results of these coimmuno-
precipitations indicated that all of the C-terminal truncations
efficiently precipitated endogenous M31, with N44 represent-
ing the smallest mutant SUV39H1 protein capable of associ-

ating with M31. By contrast, N-terminal truncations or, sur-
prisingly, even the chromo core failed to interact. However,
compared with the amount of M31 precipitated by full-length
SUV39H1 or by the Nchromo and N44 mutant proteins, the
Achromo deletion and the two internal chromo domain muta-
tions significantly weakened the M31 interaction. Similarly, the
two SET domain mutations also reduced the amount of pre-
cipitated M31.

Figure 5 summarizes the results of our structure-function
analysis of SUV39H1. Although chromatin association could
not entirely be uncoupled from M31 interaction, the affinity of
SUV39H1 for nuclear chromatin does not appear to be gov-
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FIG. 6. Characterization of stable cell lines. Human HeLa cells were stably
cotransfected with a vector conferring G418 resistance and overexpression plas-
mids encoding full-length flag-SUV39H1, full-length (myc);-SUV39HI, or
(myc);-Nchromo and (myc);-M31. Individual cell lines are grouped, with B042
and F072 representing control clones lacking transfected protein. The percent-
age of cells that stained positive for ectopic protein within a clonal population
was determined weekly by indirect IF. The percentage below each cell line
designation reflects the respective expression profile of early-passage cells used
in the course of this study. Approximately 25 pg of nuclear extracts was pro-
cessed for immunoblotting with a-myc, a-Suv39hl, and «-M31 antibodies. Po-
sitions of endogenous SUV39H1 (48 kDa) and M31 (25 kDa) proteins are
indicated.

erned by M31. For example, the M31 interaction surface (aa 3
to 44) is not sufficient for localization to inter- or metaphase
chromatin and SUV39H1 mutant proteins with a compromised
M31 interaction still display broad chromosomal associations.

Forced expression of SUV39H1 interferes with growth con-
trol. In the course of our studies, we realized that cells over-
expressing full-length SUV39H1 display abnormal nuclear
morphologies and compromised growth potential. To investi-
gate SUV39H1-induced aberrations in more detail, we gener-
ated four HelLa cell lines that allow more long-term expression
of full-length (myc);-SUV39H1 driven by a CMV promoter-
enhancer (see Materials and Methods). To exclude possible
interference by the triple myc epitope, we also established one
cell line overexpressing flag-SUV39H1. For comparison, we
included two cell lines expressing only the heterochromatin-
targeting domain of SUV39H1 [(myc);-Nchromo] and three
cell lines expressing (myc);-M31. Following stable transfection,
high-expression clones were selected by indirect IF and the
abundance of epitope-tagged proteins was determined by
Western analysis of nuclear extracts (Fig. 6). Since the per-
centage of full-length SUV39H1-expressing cells within a given
clonal population declined with progressive cell divisions (data

STRUCTURE-FUNCTION ANALYSIS OF SUV39H1 3735

not shown), only early-passage cells with more than 50% ex-
pression were chosen for the following growth analyses.

Comparative growth curves of four SUV39HI1 [one flag- and
three (myc);-tagged clones], three (myc);-M31, and three
HeLa control cell lines indicated that overexpression of
SUV39H1 results in severe growth retardation, with genera-
tion times (28.0 h) which are significantly longer than those of
(myc);-M31-expressing cells (23.7 h) or the HeLa controls
(22.4 h) (Fig. 7A). Similarly, only the SUV39H1 clones, and
not the (myc);-M31 or the (myc);-Nchromo clones, displayed
a high degree of aberrant nuclear morphologies, like micro-
and polynuclei (see below), suggesting that SUV39H1 overex-
pression is likely to induce defects during mitosis. Therefore,
we synchronized one flag- and two (myc);-SUV39H1 clones by
double thymidine block at the G,/S boundary. Following re-
lease, cell cycle progression was monitored by fluorescence-
activated cell sorter analysis and the relative percentage of
cells in G,/M was determined. Whereas SUV39H1-overex-
pressing cells entered G,/M with kinetics similar to those of the
HeLa controls, more than 50% of the cells in the three
SUV39H1 clones were still in G,/M approximately 3 h after the
HeLa control cells had reached the next G, phase (Fig. 7B).
These data demonstrate that forced expression of the full-
length SUV39H1 protein interferes with growth control by
inducing delayed G,/M progression.

Aberrant chromosome segregation in SUV39HI-overex-
pressing cells. Statistical evaluation of the morphological and
cytological abnormalities in SUV39H1-overexpressing cells
further revealed severe chromosome segregation defects. For
example, the numbers of cells with micronuclei and polynuclei
(with and without multipolar spindles as detected by a-tubulin
staining; data not shown) are 4- to 10-fold higher than those of
HeLa control cells (Fig. 8). In addition, mitoses with chromo-
somal bridges and lagging chromosomes at ana- and telophase
are present at two- to threefold elevated levels. This increased
number of chromosome segregation defects including aberrant
nuclear morphologies was not observed with the (myc);-
Nchromo and (myc);-M31 clones (data not shown). Together
with the above growth analysis, these results suggest that prop-
erties specific to full-length SUV39H1 are responsible for in-
terfering with proliferation and chromosome segregation.

Deregulated SUV39H1 disperses phosH3-positive G, foci.
Although endogenous or ectopic SUV39HL1 has failed to phys-
ically associate with centromere-specific proteins (CENPs) (1),
altered localization of CENPs is one possible mechanism by
which overexpression of SUV39H1 may induce growth and
segregation defects. Therefore, we compared the nuclear dis-
tribution of epitopes detected by hACA in HeLa control cells
and in SUV39H1 clones that display a high percentage (78 to
96%) of overexpressing cells. However, examination of the
characteristically dotted hACA pattern did not reveal apparent
differences between control and SUV39HI1-overexpressing
cells (data not shown).

Recently, phosH3 has been shown to be required for the
condensation and subsequent segregation of chromosomes
(50). During the cell cycle, phosH3 suddenly accumulates at
pericentric heterochromatin in late G, and then is present
along the entire chromosomes from prophase to anaphase
(20). Since deregulated SUV39H1 also abundantly decorates
mitotic chromosomes and induces segregation defects that can
be correlated with delayed G,/M progression, we asked
whether the distribution of phosH3-positive epitopes could
possibly be changed in SUV39HI1-overexpressing cells. Sur-
prisingly, this analysis indicated that phosH3-positive G, foci
are nearly absent in the high-percentage (82 to 96% expressing
cells) SUV39HI1 clones (see Fig. 10), which, instead, display
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dispersed phosH3 staining in interphase (Fig. 9, top panel). By
contrast, the broad phosH3 decoration of mitotic chromo-
somes from prophase to anaphase appears unaltered. Using
DAPI staining and chromosomal morphology to define mitotic
stages, statistical evaluation of mitotic phase indices further
revealed that the number of prophases is significantly reduced,
whereas the numbers of meta- and anaphases are very similar
to those of the HeLa control cells (Fig. 9, bottom panel).

phosH3 redistribution is specific for full-length SUV39H1
clones. Finally, we investigated whether the surprising inter-
ference with the definition of phosH3-positive G, foci could be
linked to a particular domain in the SUV39H1 protein. We
therefore determined the cell numbers displaying phosH3-pos-
itive G, foci in the full-length (myc);-SUV39HI, (myc);-
Nchromo, and (myc);-M31 clones. Since the percentage of
overexpressing cells varied between 27 and 96% [four (myc);-
SUV39H1 lines], between 31 and 43% [two (myc);-Nchromo
lines], and between 55 and 99% [three (myc);-M31 lines]
among the different clonal populations, we costained logarith-
mically growing cells with mouse a-myc and rabbit a-phosH3
antibodies. Using two independent blind evaluations, we then
averaged the number of double-positive G, cells which show
myc signals and also display the characteristic phosH3 foci.
Examination of the (myc);-M31 clones indicated that five to
seven double-positive G, cells were present per ~1,000 cells
(Fig. 10), a number which is comparable to that of the HeLa
controls. Similarly, clones expressing the heterochromatin-tar-
geting region of SUV39H1 [(myc);-Nchromo] contained three
or four double-positive G, cells and thus do not appear to
significantly interfere with the distribution of phosH3. By con-
trast, overexpression of full-length (myc);-SUV39H1 almost
completely prevents the definition of phosH3-positive G, foci,
and only after evaluation of 3,000 cells in the low-percentage
expression clones could one or two double-positive G, cells be
detected. From this analysis, we infer that properties respon-
sible for the broad localization of full-length SUV39H1 are
also involved in the dispersion of phosH3 from pericentric
heterochromatin. Surprisingly then, since the SET domain in-
duces extensive chromatin associations (Fig. 2 and 3), it is
likely that the SET domain provides a function to modulate the
phosphorylation pattern of histone H3.

DISCUSSION

Using a detailed analysis of mutant proteins in transfected
cells, we found that deregulated SUV39H1 interferes at mul-
tiple levels with higher-order chromatin organization and in-
duces growth and chromosome segregation defects. These
functions largely depend on the C-terminal SET domain,
which appears to modulate several activities of ectopic
SUV39H1. Only SUV39H1 proteins with an intact SET do-
main abundantly associate with nuclear chromatin and redis-
tribute endogenous M31 (HP1B). Surprisingly, deregulated
SUV39H1 also disperses the G,-specific definition of phosH3,
suggesting a possible link between a chromosomal SU(VAR)
protein and histone H3.

5 h longer than those for (myc);-M31-expressing cells (23.7 h) or for the HeLa
controls (22.4 h). (B) The three SUV39H1-expressing and three HeLa control
cell lines were synchronized at the G,/S boundary by a double thymidine block.
Following release, cell cycle progression was monitored by fluorescence-acti-
vated cell sorter analysis (top panels; shown for only two cell lines each). The
relative percentage of cells in G,/M (i.e., containing 4N DNA) was determined,
and progression through G,/M is plotted (averaged graph at the bottom).
SUV39H1 clones needed approximately 3 h longer than the HeLa controls to
reach a cell population with 50% G,/M cells (indicated by white lines).
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FIG. 8. Aberrant chromosome segregation in SUV39H1-overexpressing cells. Logarithmically growing HeLa control cells (B042 and F072) and SUV39H1-
expressing clones with a high percentage of overexpressing cells (B40, B49, and F101 cells; Fig. 6) were stained with a-tubulin antibodies (not shown) and DAPI and
processed for IF (top panel). SUV39H1 clones display an increased number of cells with aberrant nuclear morphologies (micronuclei and bi- or polunuclei). Many
polynuclei also contained multipolar spindles (not shown). At anaphase and telophase, the numbers of chromosomal bridges (including lagging DAPI-stained material
between separating sets of chromosomes) are significantly enhanced compared to HeLa control clones. Plotted are the percentages of aberrant structures determined

in two independent blind evaluations of ~500 cells per clone (bottom panel).

Ectopic versus endogenous SUV39H1. In previous studies,
we showed that endogenous SUV39H1 is a heterochromatic
protein during interphase that selectively accumulates at cen-
tromeric positions of metaphase chromosomes (1, 2). Similar
to endogenous SUV39H1, low-abundance ectopic SUV39H1
shows the highest affinity for heterochromatic foci in inter-
phase. However, at increased protein abundance, ectopic
SUV39H1 localizes in a rather uniform distribution with inter-
and metaphase chromatin (Fig. 1 to 3). These data suggest that

chromosomal localizations of human SUV39H1 (and probably
also of murine Suv39hl) are very sensitive to protein expres-
sion levels and imply a much broader affinity for nuclear chro-
matin than previously anticipated. Endogenous SUV39H1 and
Suv39h1 are low-abundance proteins (1) which, indeed, display
more extended but weak chromosomal staining after triple
labeling (2). Because ectopic SUV39HI1 disperses the distribu-
tion of phosH3, it is tempting to infer that some of the putative
low-affinity binding sites could be provided by histone H3.
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chromosomes are shown in the top panel. Evaluation of =1,000 cells per (myc);-SUV39H1-expressing clone only revealed dispersed phosH3 staining in interphase and
failed to detect the characteristic phosH3-positive G, foci. Also plotted are averaged phase indices of ~200 mitotic cells per clone as determined by DAPI staining and

chromosomal morphology (bottom panel).

By contrast, overexpression may also induce a deregulated
function(s) for ectopic SUV39H1 that is not reflected by the
endogenous protein. For example, high levels of ectopic
SUV39H1 could sequester essential factors that normally
would not interact with endogenous SUV39H1, particularly if
SUV39H1 were misexpressed during the cell cycle. Although
this possibility cannot be excluded, analysis of c/r4 mutants of

S. pombe (13, 23) reveals phenotypes that are very similar to
defects mediated by overexpressed SUV39H1 (see below).
Modular nature of SUV39H1 protein. SU(VAR)3-9-related
proteins combine the two most characteristic domains of chro-
matin regulators, i.e., the chromo and SET domains (see in-
troduction). In addition, they contain a SET-associated cys-
teine-rich region (22), a highly conserved C-terminal tail, and
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number of phosH3-positive G, foci detected in untransfected HeLa cells and in
the two control clones (B042 and F(072).

an N terminus that is shared between Drosophila SU(VAR)3-9
(47) and mammalian SUV39H1 or Suv39h1 (1). Based on our
structure-function analysis, we can assign a direct function only
to the N terminus and the chromo domain. The first 44 aa
represent an interaction surface for M31 (HP1B) (Fig. 4) which
does not appear to contain a consensus peptide that has been
described to confer preferred binding to the chromo shadow
domain of mammalian HP1 proteins (32, 33, 42). Together
with the immediately adjacent chromo domain, this N terminus
is required to direct heterochromatic associations in interphase
and accumulation at centromeric positions on metaphase chro-
mosomes (Fig. 2 and 3).

By contrast, the major portion of the SUV39H1 protein (aa
89 to 412), including the cysteine-rich region and the C-termi-
nal SET domain, does not display chromatin binding activity or
interaction with M31, although ectopic full-length SUV39H1
broadly associates with inter- and metaphase chromatin. Sur-
prisingly, SET domain mutations restrict these abundant chro-
mosomal associations and also weaken the M31 interaction
(Fig. 5). These data are consistent with a dominant role for the
SET domain, which appears functional only in the context of
other protein motifs. SUV39HI1 therefore represents a modu-
lar protein (Fig. 11) with adjustable affinites for nuclear chro-
matin, suggesting multiple roles in higher-order chromatin or-
ganization.

Interdependence of SUV39H1 and M31 (HP1pB). The chro-
matin association of SUV39H1 could not entirely be uncou-
pled from M31 interaction, although the broad distribution of
overexpressed full-length SUV39HL1 is clearly distinct from the
heterochromatin-restricted staining pattern of endogenous or
ectopic M31 (Fig. 2). Moreover, the strong M31 interaction
surface (aa 3 to 44) present within the heterochromatin-tar-
geting region (aa 3 to 118) of SUV39H1 does not bind nuclear
chromatin, and localization of SUV39H1 is shifted to more
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heterochromatic positions in chromo and SET domain mu-
tants, which are weakened in their M31 interaction potential
(Fig. 5). These data indicate that M31 interaction does not
govern chromosomal associations of SUV39H1, although the
M31 interaction surface contributes to enrichment for hetero-
chromatic localization of mutant SUV39H1 lacking an intact
SET domain.

By contrast, ectopic full-length SUV39H1 redistributes en-
dogenous M31 in inter- and metaphase chromatin (Fig. 1),
demonstrating instead that SUV39H1 can modulate chromo-
somal associations of M31. This property depends on the C-
terminal SET domain, because ASET, Nchromo, and N44 mu-
tant proteins cannot disperse endogenous M31 (data not
shown). Consistent with a dominant role of the SET domain in
the control of chromatin distribution, a chimeric M31-SET
construct (resembling the modular nature of SUV39H1) aber-
rantly localizes to chromatin (data not shown). Moreover, S.
pombe clr4 mutants have been shown to disrupt heterochro-
matic associations of SWI6p (13). Together, these data indi-
cate a potential for SUV39H1 in directing the localization of
M31 and suggest that its deregulation can impart a dominant-
negative function in modulating higher-order chromatin.

SUV39H1 interferes with growth control and chromosome
segregation. High levels of ectopic SUV39H1 protein, but not
of overexpressed M31, induce severe growth retardation that is
characterized by delayed progression through G,/M (Fig. 7).
Moreover, SUV39HI1-overexpressing cells display a high per-
centage of micro- and polynuclei and increased numbers of
lagging chromosomes and chromosomal bridges at the meta-
to anaphase transition (Fig. 8). Similar phenotypes have been
described upon forced expression of c/r4 in S. pombe (discussed
in reference 23) or in c/r4 null mutants (13). Evaluation of
phase indices in full-length SUV39HI1 clones indicates an =2-
fold reduction in the total number of prophases, whereas the

SUV39H1
M31(HP1B)
L 1 L ]
heterochromatin euchromatin
centromere arms
phosH3

FIG. 11. Modular nature and functional domains of SUV39H1 protein. The
412-aa human SUV39H1 protein contains several conserved regions, including a
chromo domain (stippled box), the C-terminal SET domain (black box), SET
domain-associated cysteine-rich regions (grey shading), and an N terminus
(hatched box) that is shared with Drosophila SU(VAR)3-9 (1). Based on our
structure-function analysis, we can assign a direct function to the N-terminal 44
aa and the immediately adjacent chromo domain. The N terminus is an M31
interaction surface which, together with the chromo domain, defines the hetero-
chromatin-targeting region (aa 3 to 118) of SUV39HI1. By contrast, the SET
domain appears to be functional only in the context of the full-length protein and
represents a dominant module that regulates the chromatin association and M31
interaction potentials of SUV39H1. Because mutant SUV39H1 proteins lacking
the SET domain do not significantly interfere with the distribution of phosH3-
positive G, foci (Fig. 10), the unexpected link between SUV39H1 and histone H3
is also proposed to be provided by functions of the SET domain. SUV39H1 has
recently been shown to be a phosphoprotein with preferred serine phosphory-
lation of the C-terminal tail, the SET domain, and also, to a lesser extent, the
chromo domain (2).
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numbers of meta- and anaphases are similar to those of control
clones (Fig. 9). These data suggest that deregulated SUV39H1
does not activate a known mitotic checkpoint but appears to
interfere with chromosome segregation through a different
mechanism.

Endogenous SUV39H1 has recently been shown to be a
phosphoprotein with mitosis-specific isoforms, whose transient
accumulation at centromeres is maximal from prometa- to late
metaphase (2). Examination of the distribution of CENPs us-
ing hACA indicated no significant shift between SUV39H1-
overexpressing and control cells (data not shown). Surpris-
ingly, however, the pericentric definition of characteristic G,
foci that are visualized by antibodies specifically recognizing
phosH3 (20) is dispersed in SUV39HI1-overexpressing cells
(Fig. 9). At later stages, the broad phosH3 decoration of mi-
totic chromosomes appears unchanged. Inability to phosphor-
ylate serine 10 in histone H3 has recently been shown to cause
chromosome condensation and segregation defects (50). Thus,
our data support a model in which deregulated SUV39H1 may
transiently perturb the nucleation and/or timing of phosH3-
dependent chromosome condensation, resulting in delayed
G,/M progression and aberrant chromosome alignment and/or
segregation.

The SET domain is a dominant module which regulates
SUV39H1 function. In the context of full-length SUV39H1, an
intact SET domain directs abundant chromosomal associa-
tions, redistributes endogenous M31, induces growth and chro-
mosome segregation defects, and disperses the G,-specific def-
inition of phosH3-positive foci. Although we have failed to
generate cell lines stably overexpressing SUV39H1 proteins
with SET domain mutations (see Materials and Methods), our
comparative analysis of full-length SUV39H1 and the
Nchromo and M31 clones (Fig. 10) is most consistent with a
role for the SET domain in the modulation of the properties of
ectopic SUV39HI1.

Several mechanisms could explain how the SET domain may
regulate SUV39H1 function, including altered protein folding
or stability, induction of homomeric interactions, or covalent
modification. Because SUV39H1 is a modular protein, it is
unlikely that an intact SET domain is solely involved in protein
folding. Further, although coexpression of flag-SUV39H1 and
(myc);-SUV39H1 mutant proteins indeed indicates a potential
for intermolecular associations, it is the chromo core domain
rather than the SET domain that appears to direct homomeric
interactions (data not shown). Thus, we favor the view that
covalent modifications of the SET domain are intrinsically
responsible for modulation of the chromatin distribution and
protein interaction potentials of SUV39H1. This interpreta-
tion is supported by the inability of recombinant SUV39H1 to
complex with nuclear M31 (1). In addition, the presence of
mitosis-specific phospho isoforms and the preferred phosphor-
ylation of serine residues in the SUV39H1 protein, particularly
in the SET domain and its extended C-terminal tail (2; Fig. 11),
all point to a possible regulatory role(s) that is triggered by
unknown phosphorylation pathways. Consistent with this
model is the recent discovery that several SET domains are
targets for dual-specificity phosphatases and their inhibitor
Sbfl (10). Interestingly, SUV39H1 also interacts with and
seems to be modulated by Sbfl (15). Using a variety of exper-
imental approaches, we have, however, been unable to assign a
direct function to the isolated SET domain of SUV39HI1. In
agreement with the modular nature of the SUV39H1 protein,
the SET domain of SUV39H1 therefore appears to require
targeting to nuclear chromatin via the N terminus in order to
transduce its predicted regulatory signal(s).
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SUV39H1 links a chromosomal SU(VAR) protein with his-
tone H3. The unexpected finding that deregulated SUV39H1
possibly interferes with phosH3-dependent chromatin conden-
sation is surprising, particularly for a chromosomal SU(VAR)
protein. Based on the above considerations, high concentra-
tions of SUV39H1 could probably titrate components of phos-
phorylation pathways, some of which may be connected to
putative kinases or phosphatases that act on histone H3 (46).
Consistent with this interpretation is also the transient disper-
sion of phosH3, which is apparent in late G, but not in the
subsequent mitotic stages (Fig. 9). An altered phosphorylation
pattern of the N terminus of histone H3 has been proposed to
affect the binding of condensation factors or other non-histone
proteins (46, 50).

Finally, our analysis reveals intriguing parallels between hu-
man SUV39H1 and the dominant S. cerevisiae SIR3 protein
that may extend beyond a broader chromatin association of
overexpressed SIR3 (19, 38), and its modification by phosphor-
ylation (45). Regarding SIR3 as a chromosomal SU(VAR)
analogue with histone binding activity (18) in budding yeast,
SUV39H1 could have a more intrinsic link to histone H3 than
that uncovered by interference with phosH3 distribution.
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