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Krüppel-associated box (KRAB) domains are present in approximately one-third of all human zinc finger
proteins (ZFPs) and are potent transcriptional repression modules. We have previously cloned a corepressor
for the KRAB domain, KAP-1, which is required for KRAB-mediated repression in vivo. To characterize the
repression mechanism utilized by KAP-1, we have analyzed the ability of KAP-1 to interact with murine (M31
and M32) and human (HP1a and HP1g) homologues of the HP1 protein family, a class of nonhistone
heterochromatin-associated proteins with a well-established epigenetic gene silencing function in Drosophila.
In vitro studies confirmed that KAP-1 is capable of directly interacting with M31 and hHP1a, which are
normally found in centromeric heterochromatin, as well as M32 and hHP1g, both of which are found in
euchromatin. Mapping of the region in KAP-1 required for HP1 interaction showed that amino acid substi-
tutions which abolish HP1 binding in vitro reduce KAP-1 mediated repression in vivo. We observed colocal-
ization of KAP-1 with M31 and M32 in interphase nuclei, lending support to the biochemical evidence that M31
and M32 directly interact with KAP-1. The colocalization of KAP-1 with M31 is sometimes found in subnuclear
territories of potential pericentromeric heterochromatin, whereas colocalization of KAP-1 and M32 occurs in
punctate euchromatic domains throughout the nucleus. This work suggests a mechanism for the recruitment
of HP1-like gene products by the KRAB-ZFP–KAP-1 complex to specific loci within the genome through
formation of heterochromatin-like complexes that silence gene activity. We speculate that gene-specific re-
pression may be a consequence of the formation of such complexes, ultimately leading to silenced genes in
newly formed heterochromatic chromosomal environments.

Regulation of gene expression at the level of transcription
initiation by sequence-specific DNA binding proteins has
emerged as one of the most important modes of metazoan
development and homeostasis (6). The population of tran-
scription factors that are active in the cell nucleus largely
dictates the transcriptional output from the nucleus and hence
the proliferative or differentiated phenotype of the cell. The
dominant theme that has emerged from the study of eukaryotic
transcriptional regulatory proteins is that they are highly mod-
ular in architecture, with independent, functionally separable
domains mediating nuclear localization, sequence-specific
DNA binding, hetero- or homo-oligomerization, activation,
and repression of transcription. Recently, much effort has been
expended to understand how activation and repression do-
mains transmit the signal for modulation of transcription from
a DNA-bound protein to the RNA synthesis machinery.

Studies aimed at understanding the mechanisms of tran-
scription repression have been greatly aided by the realization
that the domains which mediate repression are often highly
conserved amino acid sequence motifs which occur in one or
more families of proteins with common DNA binding domains.
Examples of these domains include BTB/POZ, WRPW,
SNAG, and Krüppel-associated box (KRAB) (2, 5, 11, 20). We
have focused on the KRAB domain as a model system for

analysis of conserved repression modules (17, 34). The KRAB
repression domain was originally identified in humans as a
conserved amino acid sequence motif at the amino termini of
proteins which contain multiple TFIIIA/Krüppel class Cys2-
His2 (C2H2) zinc fingers in their COOH termini (5) and has
been identified in frog, rodent, and human zinc finger proteins
(ZFPs) (for a review, see reference 24). It has been estimated
that between 300 and 700 human genes encode C2H2 zinc
finger proteins (28), one-third of which are predicted to con-
tain KRAB domains (5); accordingly, these genes have been
designated the KRAB-ZFP family. The KRAB domain homol-
ogy consists of approximately 75 amino acids (aa) which can
function as a potent transferable DNA binding-dependent re-
pression module. Moreover, more than 10 independently en-
coded KRAB domains have been demonstrated to be potent
repressors, and substitutions of conserved residues within this
domain abolish repression activity (34). These observations
suggested that transcription repression is a common property
of this domain (for a review, see reference 24).

Repression mediated by DNA binding proteins has been
shown to proceed via several mechanisms, including histone
deacetylation (21, 51, 55), template heterochromatinization
(19, 38, 45), and direct interaction with components of the
transcription machinery (3, 4, 14, 15, 43, 53). Like activators,
many eukaryotic repressor proteins recruit specific corepres-
sors via protein-protein interactions, and these interactions
appear to be necessary for template silencing. To identify the
mechanism(s) of KRAB-ZFP-mediated repression, we previ-
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ously identified and cloned the gene encoding a KRAB domain
binding protein, KAP-1, which shows all the hallmarks of being
a universal corepressor for the KRAB domain (17). KAP-1 was
subsequently identified by other investigators by using yeast
two-hybrid screens as transcription intermediary factor 1b
(TIF1b) and KRIP-1 (27, 30, 36). KAP-1 is a 97-kDa nuclear
phosphoprotein whose primary amino acid sequence displays a
number of interesting structural motifs. The RING finger, B
boxes (b1 and b2), and a coiled-coil region at the amino ter-
minus collectively constitute the KRAB interaction, or RBCC,
domain (17, 36, 42). Carboxy terminal to this constellation of
motifs appears a relatively novel stretch of amino acids, a plant
homeodomain (PHD) finger, and a bromodomain, which likely
represent at least two or more independent repression do-
mains (17, 42).

A number of lines of evidence have suggested that KAP-1
plays a key role in mediating KRAB domain repression: (i)
KAP-1 binds to multiple KRAB repression domains both in
vitro and in vivo, (ii) KRAB domain mutations which abolish
repression decrease or eliminate the interaction with KAP-1,
(iii) overexpression of KAP-1 enhances KRAB-mediated re-
pression in a manner dependent on the presence of the RBCC
domain, and (iv) heterologous fusions between KAP-1 and a
DNA binding domain can potentiate repression (17, 36, 42).
Finally, the KRAB domain does not exhibit repression activity
in cells which lack KAP-1 protein (42). These results support a
model in which KRAB-ZFPs bind a gene in a DNA sequence-
specific manner and repress transcription of the bound gene by
recruiting the KAP-1 corepressor. The next question is: what
are the molecules downstream of the KAP-1 corepressor which
mediate transcription repression?

Clues to the nature of the downstream players in the repres-
sion pathway have come from the analysis of KAP-1 homo-
logues and orthologues. In a functional screen for nuclear
hormone receptor coactivators, TIF1a was cloned and shown
to be similar in overall architecture to KAP-1 (31, 33). Like
KAP-1, TIF1a contains an NH2-terminal RBCC motif and
carboxy-terminal PHD and bromodomains and can be consid-
ered an orthologue of KAP-1. However, there is little func-
tional cross talk between these proteins: KAP-1 does not bind
to nuclear hormone receptors, and TIF1a binds very weakly to
the KRAB domain. When TIF1a was used in a two-hybrid
screen, two of the interacting components were the murine
heterochromatin proteins M31 (mMOD1) and mHP1a. Re-
markably, a second two-hybrid screen using mHP1a as the bait
yielded the murine homologue of KAP-1 (designated TIF1b
[30]). Taken together, these data suggest that the KAP-1-me-
diated repression pathway may involve the local heterochro-
matinization of DNA templates via interaction with specific
heterochromatin proteins.

A long history of studies have shown that heterochromatin is
a repressive chromosomal environment (9). For example, when a
euchromatic region is juxtaposed to heterochromatin by chro-
mosomal rearrangement, the genes contained within the re-
gion become repressed. This gene-specific repression gives rise
to phenotypic variegation in tissues where the genes are nor-
mally active. This phenomenon, called position effect variega-
tion (PEV) (48), has allowed geneticists to identify second-site
mutations that can modify variegation. One of the first modi-
fiers identified at the molecular level, and subsequently the
best studied, is Drosophila heterochromatin-associated protein
1 (HP1) (12, 13, 25). The HP1 gene, allelic to Su(var)2-5, is a
dosage-dependent modifier of variegation (13), and the pro-
tein is diagnostic for heterochromatin (25). The exquisite sen-
sitivity of PEV to changes in the dosage of heterochromatin
proteins like HP1 has led to a model whereby heterochromatin

may be envisaged as a large macromolecular complex whose
constituent components are encoded by modifier genes: it is
this complex that is thought to repress gene activity (50). HP1
shares a highly conserved 50- to 60-aa region, termed the chro-
modomain (39, 47), with another protein, Polycomb (Pc), which
is a repressor of the homeotic genes (38, 39). This observation
not only suggested that the chromatin-mediated silencing in
PEV and repression of the homeotic genes may be mechanis-
tically related (19, 38) but also allowed the identification of
chromobox sequences in a variety of animal and plant species
and the cloning of genes that are either HP1-like or Pc-like
(47).

The HP1 class of chromodomain proteins are characterized
by the presence of a chromodomain at the amino terminus
preceded by a stretch of glutamic acid residues. Members of
this class also share a second conserved domain at the carboxy
terminus termed the chromoshadow domain (1). Pc-like pro-
teins are larger and have instead of a chromoshadow domain
another carboxy-terminal homology called a Pc domain (40).
Three HP1-like genes have now been identified in humans and
rodents. In humans, the genes have been termed hHP1a,
hHP1b, and hHP1g (18, 37, 44, 47, 57); in mice, the homolo-
gous genes have been termed mHP1a, M31 (mMOD1), and
M32 (mMOD2) (22, 23, 32, 40), respectively. The character-
ization of M31 and M32 has been revealing. M31, which is
identical to hHP1b (37), is the closest sequence homologue of
Drosophila HP1 and is a component of constitutive heterochro-
matin in mice and humans (18, 37, 56). M32, the homologue of
hHP1g (57), is also a member of the HP1 class of chromobox
genes (23) but is excluded from constitutive heterochromatin
and is distributed in a fine-grain, or speckled, pattern of many
hundreds of spots throughout the nucleoplasm. This distribu-
tion suggests that the M32 gene product is a component of a
macromolecular complex that represses gene activity in eu-
chromatic DNA through regional compaction of chromatin
into a heterochromatin-like complex (23).

Our present study builds on the convergent findings from
studies on transcriptional corepressors (17, 30) and from the
work on mammalian HP1-like genes (23, 45). We now describe
a detailed structure-function analysis in vitro and in vivo of the
KAP-1 interaction with HP1 family proteins. We demonstrate
that KRAB-ZFPs and KAP-1 form a stable quaternary com-
plex with DNA and HP1 protein and that the KAP-1 interac-
tion with HP1-like proteins occurs through a specific protein
domain called the HP1 binding domain (HP1BD). We dem-
onstrate that the M31 and M32 proteins colocalize with KAP-1
within interphase nuclei and that the location patterns of these
proteins indicate that their subnuclear distribution within the
nucleus is dynamic and may lead to the formation of discern-
ible regions that may represent locally silenced chromosomal
domains.

MATERIALS AND METHODS

Expression plasmids. Glutathione S-transferase (GST) fusions of the entire
murine M31 and M32 cDNAs (22) were created by subcloning into the EcoRI
sites of pGEX-2T and pGEX-3x (Pharmacia), respectively. The hHP1a and
hHP1g cDNAs were subcloned into pGEX-2T and were kindly provided by H. J.
Worman (57). GST-KRAB(B) and GST-KRAB(DV) have been described pre-
viously (17). The plasmid expressing aa 1 to 90 of KRAB fused to a His6-tagged
GAL4 DNA binding domain [6HisGAL4-KRAB (1-90) protein] was constructed
via PCR using plasmid pM1-KOX, 1-90 (34) as a template. Briefly, a 59 oligo-
nucleotide incorporated a BamHI site immediately 59 to the GAL4 initiator
methionine and a 39 oligonucleotide incorporated a stop codon after aa 90 of
KOX-1 followed by a HindIII site. The resulting, appropriately digested PCR
product was cloned into the pQE30 vector (Qiagen Inc.) at the corresponding
restriction sites. The protein was purified under denaturing conditions (6 M
guanidine-HCl) and then subjected to exhaustive step dialysis. The GAL4–
KAP-1 expression construct was described previously (17). The Mut1 and Mut2
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GAL4–KAP-1 plasmids were created by standard PCR-mediated mutagenesis.
The mutagenic primers contained the following codons: Mut1, GCTGCT
(AlaAla) at amino acid positions 519 to 520; and Mut2, GAAGAG (GluGlu) at
amino acid positions 487 to 488. To generate the corresponding Escherichia coli
expression plasmids for these mutants, each was digested with BamHI and XmaI
(internal sites in human KAP-1), and the DNA fragments (encoding aa 381 to
618) were subcloned into the pQE31 (Qiagen) expression plasmid at the corre-
sponding restriction sites. These proteins were produced, purified, and eluted
from the Ni21-agarose (Qiagen) with imidazole under native conditions as rec-
ommended by the manufacturer. The FLAG epitope-tagged mammalian expres-
sion plasmids containing aa 1 to 191 of hHP1a and aa 17 to 173 of hHP1g were
generated by subcloning BamHI/XhoI fragments from the pBTF4 plasmids into
the corresponding sites of pcDNA3 (Invitrogen), kindly provided by H. J. Wor-
man (57). The cytomegalovirus (CMV)-based mammalian expression plasmids
used in COS-1 cells, 6HisKAP-1 delRB (aa 239 to 835), 6HisRBCC (aa 20 to
419), and 6HisPHD/Bromo (aa 619 to 835), have been described elsewhere (17,
42). The 6HisKAP-1 aa 423 to 584 mammalian expression plasmid was generated
by subcloning an EcoRI/HindIII fragment from pQE30 (17) into the correspond-
ing sites of pcDNA3.1 (Invitrogen). The GAL4–nuclear hormone receptor core-
pressor (N-CoR) plasmid expressing aa 1 to 312 of N-CoR repression domain 1
was kindly provided by M. Lazar. All PCR-derived plasmids were subjected to
automated DNA sequencing of both strands to confirm sequence integrity.

Cell extract preparation. COS-1 cells were grown in Dulbecco modified Eagle
medium (DMEM) containing 10% fetal bovine serum (FBS) and grown in 5%
CO2 at 37°C. Whole-cell extracts were prepared by first washing cells with
phosphate-buffered saline (PBS) four times and then lysing them in the dish in
ELB buffer (50 mM HEPES [pH 7.5], 250 mM NaCl, 0.1% Nonidet P-40
[NP-40], 1 mM EDTA) including protease inhibitors (0.1 mM phenylmethylsul-
fonyl fluoride [PMSF], 100 mg of aprotinin, 10 mg of leupeptin, and 10 mg of
pepstatin per ml, and 1 mM benzamidine). The lysates were aspirated from the
dish, particulate matter was clarified from the extract by centrifugation at
100,000 3 g for 30 min, at 4°C, and supernatants were collected. COS-1 nuclear
extracts (CNE) were prepared from COS-1 cells via a slight modification of the
method of Lassar et al. (29). After four washes with PBS, cellular lysis was
carried out by first treating cells at 4°C with nonnuclear lysis buffer (10 mM
HEPES [pH 7.6], 10 mM NaCl, 1.5 mM MgCl2, 20% glycerol, 0.2 mM EDTA,
0.1% Triton X-100) including protease inhibitors (0.1 mM PMSF, 100 mg of
aprotinin, 10 mg of leupeptin, and 10 mg of pepstatin per ml, and 1 mM benza-
midine). The nuclei were then collected by centrifugation at 1,250 3 g for 5 min
at 4°C. The pelleted nuclei were lysed in nuclear extraction buffer (NEB; 10 mM
HEPES [pH 7.6], 500 mM NaCl, 1.5 mM MgCl2, 20% glycerol, 0.2 mM EDTA,
0.1% Triton X-100) containing protease inhibitors. Preparations consisted of
approximately 2 3 107 nuclei/ml. The extraction was carried out by rotation at
4°C for 1 h, and the tubes were then centrifuged at 100,000 3 g for 30 min at 4°C.
The final protein concentration in each nuclear extract varied from 1 to 5 mg/ml.

Metabolic labeling. For metabolic labeling of COS-1 cells, fresh cultures were
first starved by incubation in DMEM lacking methionine and cysteine (ICN
Biochemicals) for 30 min. The cells were then labeled using Tran35S-label (75%
[35S]methionine, 15% [35S]cysteine; ICN) for 30 to 120 min in DMEM contain-
ing 10% dialyzed FBS (Sigma). The cell cultures were then washed four times in
PBS, and lysates were prepared as whole-cell or nuclear extracts as described
above.

GST protein preparation. Following transformation of the expression plas-
mids into competent E. coli BL21(DE3) bacteria and identification of highly
expressing bacterial colonies, 10-ml overnight cultures were started in 2YT me-
dium. The next day, the entire overnight culture was added to 250 ml of fresh
2YT, and the culture was allowed to grow until the optical density at 600 nm
reached 0.4 to 0.6. Isopropyl-b-D-thiogalactopyranoside was then added to 0.5
mM, and the cultures were incubated for an additional 3 to 4 h. The cells were
pelleted at 8,000 3 g for 10 min at 4°C. The bacteria were resuspended in 4 ml
of PBS, and 400 mg of lysozyme was added. After a 15-min incubation on ice,
dithiothreitol to 5 mM and protease inhibitors to final concentrations of 0.1 mM
PMSF, 100 mg of aprotinin per ml, 10 mg of leupeptin per ml, 10 mg of pepstatin
per ml, and 1 mM benzamidine were added. Sarcosyl was added to a final
concentration of 3.5%, and the bacterial suspension was sonicated for 30 s, left
on ice for 1 min, and then sonicated for an additional 30 s. The sample was
centrifuged 16,000 3 g for 10 min at 4°C. Triton X-100 was then added to the
supernatant to a final concentration of 4%, and the protein extract was snap
frozen in small aliquots. Large-scale preparations of purified GST fusion pro-
teins were prepared by eluting the proteins from glutathione-Sepharose (Phar-
macia) in GST elution buffer (100 mM Tris [pH 8.0], 150 mM NaCl, 0.1% NP-40,
20 mM freshly added reduced glutathione). Elution was with a buffer volume
equal to 2.5 times the packed bead volume, and incubation was at room tem-
perature for 1 h. The beads were centrifuged briefly, and the supernatant was
collected. The elution was repeated, and the supernatants were combined and
concentrated in 5,000-molecular-weight-cutoff microspin concentrators (Milli-
pore). Protein concentrations were determined for each of the proteins by the
DC protein assay (Bio-Rad). The GST proteins were diluted with PBS prior to
use in all electrophoretic mobility shift assays (EMSAs).

GST pull-down assays. Five micrograms of freshly prepared GST fusion pro-
tein immobilized on glutathione-Sepharose (Pharmacia) was incubated with ei-
ther 2 ml of in vitro-translated, 35S-labeled KAP-1 (T3 TnT; Promega), 50 ml of

35S-labeled whole-cell lysate from transiently transfected COS-1 cells, 500 mg of
HeLa whole-cell lysate (PBS, 0.1% NP-40), or 1 to 2 mg of Ni21-agarose (Qia-
gen)-purified recombinant His6-tagged protein in 200 ml of BB100 (20 mM Tris
[pH 7.9], 100 mM NaCl, 0.2 mM EDTA, 10% glycerol, 0.1% NP-40, 1 mM
PMSF, 500 mg of bovine serum albumin [BSA; fraction V]) for 1 h at room
temperature. Protein complexes were washed four times with BB750 (20 mM
Tris [pH 7.9], 750 mM NaCl, 0.2 mM EDTA, 10% glycerol, 0.1% NP-40, 1 mM
PMSF), and the bound proteins were eluted in 23 Laemmli buffer by boiling for
10 min. Proteins were resolved by standard sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) procedures. Retention of 35S-labeled
KAP-1 was visualized by fluorography in dimethyl sulfoxide–2,5-diphenyloxazole
(Fisher Biotech) followed by exposure to MR X-ray film (Kodak). For evaluation
of KAP-1 binding to GST fusion protein by Western blotting, proteins were
transferred to Immobilon-P (Millipore) in Towbin buffer–0.1% SDS for 20 h at
4°C and 250 mA. Membranes were blocked in 5% Blotto–Tris-buffered saline
(TBS; 50 mM Tris [pH 7.5], 150 mM NaCl). KAP-1 was detected with antigen
affinity-purified rabbit polyclonal antiserum (17) diluted 1:200 in TBS–1% BSA.
Membranes were washed three times in TBS–0.05% Tween 20 and then incu-
bated with a 1:5,000 dilution of a horseradish peroxidase-conjugated goat anti-
rabbit immunoglobulin G secondary antibody (Sigma) in 1% Blotto-TBS. Pro-
teins were visualized by chemiluminescence (Pierce) and exposure to MR X-ray
film (Kodak).

EMSAs. The ability of KAP-1 to bind a KRAB domain-containing protein was
assayed by EMSA essentially as described previously (16). Two partially over-
lapping GAL4-upstream activation sequence (UAS) oligonucleotides (59-GAT
CCCGGAGGACAGTACTC-39 and 59-CTAGACGGAGTACTGTCCTC-39)
were annealed and used for EMSAs. EMSA binding reaction mixtures (20 ml)
were assembled by adding 50 ng of purified recombinant 6HisGAL4-KRAB to
23 binding buffer (40 mM HEPES [pH 7.6], 100 mM NaCl, 1 mM dithiothreitol,
10 mM MgCl2, 20% glycerol) containing 1 mg of poly(dI-dC) z poly(dI-dC).
Nuclear extract (;5 mg/l to 2 ml) and/or titrating amounts of GST fusion protein
were added, and incubation was continued at room temperature for 15 min.
Then g-32P-end-labeled GAL4-UAS probe was added (;0.5 to 1 ng, 105 cpm/
reaction), and the incubation continued for an additional 10 min at room tem-
perature. The samples were chilled on ice, centrifuged 4 min at 4°C, and then
loaded onto 4.5% nondenaturing polyacrylamide gels containing 13 TBE (45
mM Tris [pH 8.3], 45 mM boric acid, 1 mM EDTA), which were preelectro-
phoresed for 45 min at 4°C in 0.53 TBE buffer. DNA-protein complexes were
separated from unbound DNA by electrophoresis at 500 V and 24 mA for 2 more
h at 4°C. The gels were dried and exposed to MR X-ray film.

FPLC gel filtration fractionation. The 35S-labeled CNE was subjected to
isocratic fast protein liquid chromatography (FPLC) gel filtration on a Superose
6 column (Pharmacia) in NEB running buffer at a flow rate of 0.5 ml/min at room
temperature. The KAP-1 protein was detected in the FPLC fractions by immu-
noprecipitation using protein G-purified KAP-1 polyclonal antibodies (17). To
determine if a KAP-1–heterochromatin protein complex is stable to and detect-
able after FPLC gel filtration, a nonradioactive CNE containing KAP-1 was
incubated with the purified GST-heterochromatin fusion protein, GST-M32, in
NEB. After 60 min, incubation at room temperature, the mixture was subjected
to isocratic gel filtration as described above. Glutathione-Sepharose resin (20 ml,
50% slurry; Pharmacia) was added to individual FPLC fractions, incubated for
1 h at 4°C followed by 1 h at room temperature, and then washed two times with
NEB and five times with PBS; 23 Laemmli sample buffer was added to the resin;
samples were boiled and separated by SDS-PAGE (10% gel). The proteins were
transferred to Immobilon-P membranes, and recovered KAP-1 was visualized by
using protein G-purified anti-KAP-1 polyclonal antibodies in a standard Western
blot procedure described above.

Indirect immunofluorescence. NIH 3T3 cells were grown on glass coverslips in
DMEM containing 10% calf serum and immunostained as previously described
(35). The murine KAP-1 protein was visualized by indirect immunofluorescence
with an antigen affinity-purified rabbit polyclonal antibody previously described
(42). The M31 protein was visualized by indirect immunofluorescence using a rat
monoclonal antibody (MAb) raised to the COOH-terminal 71 amino acids (anti-
M31 MAb MAC 353 [56]). The M32 protein was detected with a rat MAb
developed by using a GST fusion protein that included the entire coding region
of M32 (anti-M32 MAb MAC 385 [23]). The hHP1 proteins were recognized by
using a rabbit polyclonal antibody raised against hHP1, kindly provided by W. C.
Earnshaw (44). The secondary antibodies were either Texas red-conjugated goat
anti-rabbit or biotinylated goat anti-rat, used in conjunction with an avidin-
biotin-linked fluorescein isothiocyanate reagent (Vector Laboratories). All im-
munofluorescence was performed as described previously (35). DNA was coun-
terstained with Hoechst 33258 (Sigma), and coverslips were mounted with
Fluoromount G (Fisher Scientific). Cells were visualized with a scanning confo-
cal microscope (Leica Inc.). The images obtained through image capture were
processed with Adobe Photoshop 3.0.4 (Adobe Systems Inc.) from files or
scanned slide images.

Transient transfection luciferase assays. DNA for transfection was prepared
by CsCl gradient centrifugation. Protein expression from all plasmids was con-
firmed by transient transfection of COS-1 cells followed by immunoprecipitation
of [35S]methionine-labeled cell extracts as described previously (16). All tran-
scription assay transfections were done with NIH 3T3 cells maintained in
DMEM–10% calf serum. A total of 2.0 3 105 cells were plated in a 60-mm-
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diameter tissue culture dish and transfected in OptiMEM for 5 to 6 h with
Lipofectamine (Life Technologies Inc.) under conditions recommended by the
manufacturer. The cells were harvested 24 h posttransfection, and luciferase
assays were performed as previously described (17). Cotransfection with a
pcDNA3-b-galactosidase expression plasmid was used to normalize all luciferase
values.

RESULTS

Sequence analysis of KRAB binding corepressor and het-
erochromatin-associated protein families. TIF1a and KAP-1
share a number of similar amino acid sequence motifs, includ-
ing the well-characterized RING finger, B1 and B2 boxes, a
coiled-coil, a PHD finger, and an extended bromodomain (17,
30, 36) (Fig. 1A). Overall, KAP-1 is only 33% identical and
45% similar to hTIF1a. Previous studies with mTIF1a delin-
eated a region of the protein (aa 672 to 698) which may be
sufficient for binding mHP1a (30) (Fig. 1A). We have com-
pleted sequence comparison of these amino acids to KAP-1
and have found that KAP-1 contains a highly homologous
domain which we believe is a potential HP1BD (KAP-1 aa 483
to 510). This putative HP1BD in KAP-1 is conserved with 45%
identity and 60% similarity to the analogous region in mTIF1a
(Fig. 1B). The greatest degree of identity and conservation is
shown in the amino-terminal portion of the HP1BD. Two
previously identified valines (aa 681 and 682) were mutated to
glutamic acid in mTIF1a and shown to substantially reduce
binding to mHP1a (30). One of these valines is among the
conserved amino acids found in this putative HP1BD (Fig. 1B).

Sequence comparisons among the human and mouse chro-
modomain-containing HP1 proteins suggest that the murine
homologues of hHP1a, -b, and -g are mHP1a, M31, and M32,
respectively. Studies have shown that all of these HP1 proteins

contain the highly conserved chromodomains and chromo
shadow domains (1) as well as nuclear localization signals, and
some may even have potential DNA binding domains (49). To
evaluate antibodies raised against the M31, M32, and hHP1
proteins, we measured the binding specificity and cross-reac-
tivity of these antibodies against bacterially expressed and af-
finity-purified human and murine heterochromatin fusion pro-
teins. The results indicate that the M31 antibody is specific for
M31, the M32 antibody recognizes both M32 and hHP1g, and
the hHP1 antibody recognizes all of the heterochromatin pro-
teins (Fig. 2). These observations suggest that the M31 and
M32 antibodies are specific reagents that can be used in im-
munolocalization studies with KAP-1.

KAP-1 and HP1 family proteins interact in vitro. In light of
the result that KAP-1 could bind mHP1a and M31 proteins in
a yeast two-hybrid assay (30), we initiated a comprehensive
analysis of the abilities of other heterochromatin family mem-
bers to bind KAP-1. After purification of GST-heterochroma-
tin protein fusion proteins (Fig. 3A), the resins were analyzed
for the ability to bind KAP-1 protein produced by in vitro
transcription and translation. In general, significant binding of
KAP-1 was observed for all of the HP1 proteins but was neg-
ative for the control GST protein (Fig. 3B). Further analysis
revealed that the interaction between in vitro-transcribed-
translated KAP-1 and recombinant HP1 proteins in solution is
extremely stable, as nearly equal signal intensities were ob-
served between resins washed in either 250 mM NaCl or 1 M
NaCl (data not shown). To assay the ability of cell-derived
KAP-1 protein to bind HP1 proteins, GST-hHP1a was incu-
bated with HeLa cell extracts. Binding of KAP-1 to the recom-
binant GST-hHP1a protein was detected by Western blot anal-
ysis using polyclonal antiserum raised against KAP-1. As

FIG. 1. Schematic diagram illustrating the architecture of the KAP-1/TIF1a family of transcriptional regulatory proteins. (A) The conserved motifs include the
RING finger, B boxes (B1 and B2), coiled-coil, PHD (also known as the LAP domain), and bromodomain (Bromo). Note the overall similar architectures among this
family of proteins defined by the layout of the various domains. The putative HP1BD (black boxes) is conserved in each protein; the nuclear receptor interaction domain
(NRID) is conserved only in TIF1a. Regions of significantly enriched amino acids, serine-glycine-proline (SGP) and serine-threonine-alanine-glycine-proline (STAGP),
are also spatially conserved in this family. The minimal KRAB binding domain comprises the RBCC domain and is marked with a striped bar above the hKAP-1 protein.
Also indicated is the region of hKAP-1 expressed as a recombinant protein and used to raise anti-KAP1 polyclonal antisera (aKAP-1 Ab). (B) Amino acid alignment
of the putative HP1BD of KAP-1 and mTIF1a. Mutation of valines 681 and 682 of mTIF1a to glutamic acid (VV 681,682 EE) were previously observed to abolish
mHP1a binding to mTIF1a (30). The corresponding sequences are from data bank entries 78773 (hKAP-1) and 78219 (mTIF1a).
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illustrated in Fig. 3C, hHP1a displays significant binding ca-
pacity for cell-derived KAP-1; greater than 50% of the input
KAP-1 in the extract bound to the GST-hHP1a resin. Identical
data were obtained when GST-hHP1g resin was used in the
assays (data not shown). The GST-KRAB and GST-KR-
AB(DV) resins demonstrate the specificity of KAP-1 binding,
since KAP-1 is observed to interact only with GST-KRAB and
not the mutant GST-KRAB(DV), which lacks KAP-1 binding
activity (Fig. 3C). To grossly localize the HP1 interaction re-
gion, we expressed truncated KAP-1 proteins in COS-1 cells
and assayed extracts containing these proteins for the ability to
bind GST-hHP1a (data not shown). As summarized in Fig. 4,
only KAP-1 proteins which contained the central region span-
ning aa 423 to 584, which includes the putative HP1BD, bound
to GST-hHP1a. In addition, two peptides corresponding to aa
435 to 449 and 568 to 581 of KAP-1 when added in molar
excess to the binding reaction mixture were unable to block the
interaction between KAP-1 and HP1s, suggesting that the pu-
tative HP1BD is between aa 450 and 568 of KAP-1 (data not
shown). To determine if the KAP-1–HP1 interaction is direct,
we used purified, recombinant proteins (Fig. 5). The region of
wild-type KAP-1 spanning aa 381 to 618 and two mutant ver-
sions thereof (Fig. 5A) were expressed in bacteria and purified
to homogeneity (Fig. 5B). These proteins were used in in vitro
binding assays utilizing GST-hHP1a and -g proteins purified to
near homogeneity (Fig. 3A). Wild-type KAP-1 efficiently
bound to both resins (Fig. 5C). The Mut1 protein, which con-
tains the LI-AA (aa 519 and 520) substitutions carboxy termi-
nal to the putative HP1BD, also bound each resin with mod-
erate efficiency. However, the Mut2 protein, with the RV-EE
(aa 487 and 488) substitutions within the putative HP1BD,
completely abolished interaction with the GST-hHP1 proteins.
Together, these results strongly suggest that the KAP-1–HP1
association is via direct protein-protein interactions and that
the region of KAP-1 spanning aa 450 to 568 possesses the
interaction domain.

Previously, we have shown that KAP-1 can interact very
efficiently with KRAB domain-containing proteins in an

EMSA (17, 42). This highly sensitive assay allows for the de-
tection of protein-protein interactions with limiting amounts of
proteins at concentrations at or close to their dissociation con-
stants, rather than at extreme excess, as is usually the case in
solution-based GST binding assays. In addition, the EMSA
requires that the complex once formed be stable to prolonged
electrophoresis and has the capability of distinguishing high-
and low-affinity interactions. To further assess the ability of the
different HP1 proteins to interact with KAP-1, we again used
EMSA. The well-characterized GAL4 (aa 1 to 147) DNA bind-
ing domain was used to construct a 6HisGAL4-KRAB fusion
protein, which was purified to near homogeneity. This protein
binds with moderate efficiency to the 32P-labeled GAL4-UAS
oligonucleotide (Fig. 6) under EMSA conditions. However,
preincubation of the 6HisGAL4-KRAB with a KAP-1-contain-
ing CNE results in a dramatic supershift of the DNA binding
complex in the EMSA gel. This supershifted complex contains
both proteins, as antibodies directed to either GAL4 or KAP-1
efficiently supershifted this complex further (data not shown).
Importantly, purified, recombinant HP1 fusion proteins GST-
M31, GST-M32, GST-hHP1a, and GST-hHP1g were all able
to bind the 6HisGAL4-KRAB–KAP-1 complex, as evidenced
by a new supershifted complex containing the HP1 protein.
hHP1a appears to have a lower affinity for the DNA–KRAB–

FIG. 2. The HP1 family of human and mouse heterochromatin proteins. The
regions of conservation which are diagnostic for the HP1 family of proteins
include the NH2-terminal chromodomain (black boxes) and the COOH-terminal
chromo shadow domain (grey boxes). On the right is a summary of the immu-
noreactivities for the various antibodies (Ab) available to recombinant hetero-
chromatin proteins derived from humans and mice. NT, not tested. The corre-
sponding sequences are from the following data bank entries: hHP1a, 60277;
hHP1b, 23197; hHP1g, 26312; mHP1a, 99641; M31, 56690; and M32, 56683.

FIG. 3. The KAP-1 protein binds to both human and murine HP1 family
proteins. (A) Analysis of the GST fusion proteins affinity purified as a soluble
protein from E. coli extracts and used in the binding assays. Approximately 5 mg
of each protein was electrophoresed on an SDS–10% polyacrylamide gel and
stained with Coomassie blue. Equivalent quantities of protein (5 mg) were used
for each binding reaction as determined by Coomassie blue staining and quan-
tification against BSA. MW, molecular weight markers. (B) hKAP-1 was pre-
pared by in vitro transcription-translation (IVT) of a full-length human cDNA,
and the [35S]methionine-labeled protein (arrow) was used in binding reactions
with the indicated GST fusion proteins. The input lane represents the total
amount of KAP-1 in each reaction mixture. No binding was observed in reactions
containing GST alone. (C) A HeLa whole-cell extract containing endogenous
KAP-1 was used in binding reactions with the indicated GST fusion protein.
GST-KRAB represents a positive control for KAP-1 interaction, and GST-
KRAB(DV) is a mutant with reduced affinity for KAP-1, which served as a
negative control for KAP-1 interaction. Retention of KAP-1 by the GST fusion
protein was detected by Western blot analysis using affinity-purified anti-KAP-1
antibodies. The input lane represents 10% of the KAP-1 in each binding reaction
as detected by Western blot analysis of the extract.
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KAP-1 ternary complex (Fig. 6). The addition of purified GST
protein alone failed to produce the supershift. We also test-
ed all of the heterochromatin proteins for binding by varying
the order of addition of each component (data not shown).
In these experiments, the GAL4-UAS–6HisGAL4-KRAB–
KAP-1 complex was formed prior to addition of the hetero-
chromatin protein: the binding observed was identical to that
seen in Fig. 6, suggesting that interaction of KRAB and KAP-1
does not preclude binding of the heterochromatin protein.
These results strongly suggest that a quaternary GAL4-
UAS–6HisGAL4-KRAB–KAP-1–HP1 complex is readily
formed in vitro and is stable to the EMSA conditions used.

Using gel filtration chromatography, we have shown that the
endogenous KAP-1-containing complex found in CNE mi-
grated at approximately 560 kDa (42). We sought to determine
if an exogenous source of HP1 protein could influence the
migration of the CNE KAP-1 complex in gel filtration (Fig. 7).
Purified soluble GST-M32 protein was incubated with CNE,
and then the mixture was subjected to gel filtration. The frac-
tions were incubated with glutathione-Sepharose beads to re-
cover the GST-M32 protein and any associated proteins, and
the washed beads were analyzed for KAP-1 by Western blot-
ting. Comparison of the native 560-kDa KAP-1 complex from
CNE to that produced when GST-M32 was mixed with CNE
prior to separation shows that the KAP-1 from the nuclear
extract was efficiently bound to and recovered by binding GST-
M32 after separation (Fig. 7). More importantly, the result-
ing KAP-1 complex now migrated at approximately 800
kDa. These results demonstrate that the reconstituted KAP-
1–M32 complex is stable to gel filtration and suggest that
multiple molecules of M32 may bind to the endogenous
KAP-1 complex.

Colocalization of KAP-1 with the M31 and M32 HP1-like
proteins. To ascertain a potential in vivo role for the KAP-1–
HP1 association, we used antibodies raised to M31 (56) and
M32 (23) concurrently with an affinity-purified anti-KAP-1 an-
tibody in dual staining-indirect immunofluorescence studies of
asynchronous NIH 3T3 fibroblasts. In a random field of im-
munostained cells, there appeared to be various levels of
KAP-1 staining (Fig. 8 and 9). In general, KAP-1 staining was
found exclusively throughout the nucleoplasm as an evenly
distributed grainy (speckled) pattern which was almost always
excluded from nucleoli. In nearly 50% of the NIH 3T3 nuclei,
KAP-1 is significantly concentrated in dot-like structures which
could represent regions of pericentromeric heterochromatin
commonly observed in murine cells (Fig. 9A). It should be
noted that this specific staining pattern for KAP-1 does not
overlap with other well-characterized nuclear dot-like struc-

tures previously described for PML, SC35, and BRCA1 (34a).
KAP-1 staining in human HEp-2 cells yielded very similar
results (Fig. 9D to F). An interesting pattern was observed in
less than 5% of the nuclei: KAP-1 was concentrated both at the

FIG. 4. Localization of the HP1BD in KAP-1. COS-1 cells were transfected with the indicated expression constructs containing different regions of KAP-1, and
extracts from these cells were assayed for the ability of KAP-1 to bind GST-hHP1a. All KAP-1 molecules which included the putative HP1BD bound to GST-hHP1a,
as indicated by the plus signs. For notation, see the legend to Fig. 1.

FIG. 5. Amino acid substitutions in the HP1BD abolish HP1 binding in vitro.
(A) The indicated wild-type (WT) or mutated segment of KAP-1 (for notation,
see the legend to Fig. 1) was expressed in bacteria and purified by nickel chelate
chromatography under native conditions. These highly purified proteins (B) were
used in GST binding assays using the recombinant proteins shown in Fig. 3A.
After the binding reactions and extensive washing, the amount of bound KAP-1
protein was determined by Western blot analysis using affinity-purified anti-
KAP-1 sera (C). The input lane represents the total amount of recombinant
KAP-1 added to each binding reaction mixture. No binding was detected for
GST alone. Note that the recombinant Mut2 protein, which possesses the
RV-EE mutation in the putative HP1BD, completely abolishes binding to both
hHP1a and hHP1g. MW, molecular weight markers.
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periphery of pericentromeric heterochromatin and around nu-
cleoli (Fig. 8D and G). Since the cell populations illustrated
are asynchronously growing, log-phase cells, these data may
suggest that the different subnuclear localization patterns of
KAP-1 observed in a random field of cells may be due to cell
cycle regulation. In support of such a conclusion, apparent
daughter cells in many of the fields shown display very similar
KAP-1 staining patterns.

Immunostaining for the M31 protein revealed two distinct
patterns in interphase nuclei. The less frequently observed
pattern was characterized by diffuse staining throughout the
nucleoplasm, with little or no localization to the nucleoli or
heterochromatic regions (Fig. 8B). More typically, staining of
the M31 protein was restricted to large condensed heterochro-
matic regions (Fig. 8E and H), similar to results previously
shown in interphase mouse C1271 cells (23). When the KAP-1
and M31 staining patterns were directly compared, we found
that in some cells, the signals appear to be juxtaposed (Fig. 8C
and F). Of particular interest was the significant colocalization
of KAP-1 with M31 in the regions bordering the nucleoli and
pericentromeric heterochromatin (Fig. 8G to I).

Immunostaining of the M32 protein was generally observed
as a fine, speckled pattern throughout the nucleoplasm in re-
gions consistent with euchromatin (Fig. 9B, E, and H). This
particular staining pattern is consistent with previous reports
for M32 (23). When M32 staining was directly compared to
KAP-1 staining, we found that some of these punctate and
small speckled M32-reactive regions were also domains where
high concentrations of KAP-1 localized (Fig. 9C, F, and I). In
some nuclei, M32 and KAP-1 were nearly exclusively colocal-
ized (Fig. 9G to I). Since the M32 MAb also reacts with hHP1g
(Fig. 2), we looked at the localization of HP1g in human
HEp-2 cells. The pattern of hHP1g staining appeared to be
very similar to that observed for M32 in NIH 3T3 cells: punc-
tate nuclear localization in regions that appear to be consistent
with euchromatin (Fig. 9D to F). Again significant colocaliza-
tion of hHP1g and KAP-1 was observed in the merged images

(Fig. 9F). This colocalization may depend on cell cycle stage,
which is suggested by the similar staining patterns observed for
two daughter cells (arrows) in this field (Fig. 9F). In summary,
both the M31 and M32 heterochromatin proteins appear to
display substantial colocalization with endogenous KAP-1 in
interphase nuclei. These data imply a potential in vivo associ-
ation between KAP-1 and members of the HP1 family, which
may function to epigenetically silence a KRAB-ZFP-regulated
gene via heterochromatinization.

Modulation of KRAB–KAP-1 repression activity by hHP1a
and the KAP-1 HP1BD. To determine if there were any func-
tional consequences of the KAP-1–HP1 interaction, we co-
transfected NIH 3T3 fibroblasts with a GAL4-KRAB plasmid
and the GAL4-UAS luciferase reporter plasmid (Fig. 10A).
Under these conditions, the GAL4-KRAB protein was a
strong repressor of the luciferase reporter gene activity; how-
ever, this repression was further enhanced by cotransfection of
the hHP1a expression plasmid in a concentration-dependent
manner (Fig. 10B). Cotransfected hHP1a also enhanced
GAL4–KAP-1-mediated repression, although to a lesser ex-
tent. A GAL4 fusion of the NH2-terminal repression domain
of the N-CoR corepressor also displayed significant repression
activity, yet this activity was not enhanced by cotransfected
hHP1a (Fig. 10B). Thus, N-CoR may not utilize heterochro-
matin proteins for mediating repression. As a complementary
strategy, we attempted to disrupt endogenous KAP-1–HP1
complexes by overexpressing a protein which encodes the seg-
ment of KAP-1 (aa 423 to 584) which contains the HP1BD.
Ectopic expression of this protein would be predicted to com-
pete with endogenous KAP-1 for binding to endogenous HP1
family proteins, resulting in relief of repression via a squelch-
ing mechanism. As predicted, increasing amounts of KAP-1

FIG. 6. Purified recombinant HP1 proteins can bind a DNA–GAL4-KRAB–
KAP-1 ternary complex. A gel shift assay was performed by incubating a highly
purified recombinant 6HisGAL4-KRAB domain protein with KAP-1 derived
from a CNE, the indicated GST fusion protein (increasing concentrations from
left to right indicated by open triangles: 50, 100, and 200 ng each of GST, GST-
M31, GST-M32, GST-hHP1a, and GST-hHP1g), and a g-32P-labeled GAL4-
UAS oligonucleotide probe. The complexes were separated by nondenaturing
PAGE, and DNA-protein interactions were detected by autoradiography. The
symbols on the left denote the following complexes: arrow, DNA–6HisGAL4-
KRAB; single arrowhead, DNA–6HisGAL4-KRAB–KAP-1 ternary complex;
double arrowhead, DNA–6HisGAL4-KRAB–KAP-1–HP1 quaternary complex.
The free probe (FP) was allowed to run off the bottom of the gel to allow for
better separation of the complexes at the top of the gel.

FIG. 7. Cell-derived KAP-1 complexes increase in apparent size in the pres-
ence of the heterochromatin protein M32. (A) A [35S]methionine-labeled CNE
was subjected to gel filtration (Superose 6), and the column fractions were
analyzed for KAP-1 by immunoprecipitation. (B) A nonradioactive CNE was
incubated with purified GST-M32 protein, and the mixture was subjected to gel
filtration as for panel A. The column fractions were incubated with glutathione-
Sepharose beads and washed, and the retained KAP-1 was detected in a Western
blot assay using affinity-purified anti-KAP-1 sera. Lane 1 is a sample of the
unfractionated CNE containing endogenous KAP-1 as a positive control and size
marker. Indicated above the gels are the positions of the molecular mass stan-
dards used to calibrate the Superose 6 column, which were determined by
Coomassie blue staining of duplicate gels.
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HP1BD (aa 423 to 584) efficiently relieved GAL4-KRAB-me-
diated repression but had no effect on the basal level of tran-
scription of the luciferase vector in the absence of GAL4-
KRAB (Fig. 10C). We next determined the effect of mutations
in KAP-1 which abolish HP1 binding (Fig. 11). The Mut1 and
Mut2 mutations (Fig. 5) were introduced into the GAL4-KAP-
1,293-835 expression plasmid (Fig. 11A), which has been pre-
viously shown to contain the repression functions of KAP-1.
Each of these plasmids express equivalent amounts of nucle-
arly localized (data not shown) proteins which are readily
detected by both anti-KAP-1 and anti-GAL4 sera (Fig.

11B). As expected, expression of the heterologous wild-type
GAL4–KAP-1 protein demonstrated a strong, dose-depen-
dent repression of the GAL4-UAS-simian virus 40 (SV40)
immediate-early promoter luciferase reporter (Fig. 11C).
The heterologous Mut2 protein, which is negative for HP1
binding in vitro (Fig. 5C), was strongly reduced in its repres-
sion capacity. Similar to its HP1 binding characteristics in vitro,
expression of the heterologous Mut1 protein was less strongly
affected. The residual repression activity in both Mut1 and
Mut2 proteins is not surprising, as the still-intact PHD and
bromodomain in each protein are themselves independent re-

FIG. 8. Colocalization of endogenous KAP-1 with the heterochromatin protein M31 in interphase nuclei. All images were derived from the staining of a single
population of cells simultaneously for both antigens and viewed by confocal microscopy. (A to F) Each row illustrates an independent random field of asynchronously
growing NIH 3T3 fibroblasts to provide a representative view of the various staining patterns observed for both KAP-1 and M31. Staining of individual antigens is
identified by the color given in the upper corners of each image. The merged images are shown on the far right for each set. As illustrated, staining for both antigens
was exclusively nuclear, with very little background staining in the cytoplasm. KAP-1 staining demonstrated a grainy, speckled pattern throughout the nucleus which
was largely excluded from nucleoli. M31 staining displayed a strong association with large heterochromatic granules. (G to I) High-magnification single-cell analysis
of KAP-1 and M31 subnuclear distribution. Each panel shows a single nucleus from the field displayed in panels D to F. Note the discrete pericentromeric
heterochromatin and nucleoli, as detected by M31 (56), and the concentration of KAP-1 around these structures (I).
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pression domains (17, 42). Together, these results suggest that
the HP1 family of proteins may serve as one component of the
KRAB–KAP-1 repression complex in vivo.

DISCUSSION

The KRAB-ZFP family of zinc finger-containing transcrip-
tional repressors has the potential for becoming the largest
single class of human transcription factors which contain a
common set of DNA binding (C2H2 zinc fingers) and effector
(KRAB domain) motifs. It has been estimated that the human
genome contains approximately 700 genes that encode C2H2
zinc finger proteins and that one-third or more of these contain
KRAB domains (28). Their prevalence and conservation indi-
cate the need for a molecular understanding of their mecha-
nism of action. A significant advance was the discovery, puri-
fication, and cloning of a novel gene encoding a potential

universal binding protein which functions as a corepressor for
the KRAB domain, KAP-1. The present work represents the
beginning of studies aimed at identifying downstream effector
components operative in the KRAB–KAP-1 repression path-
way.

KAP-1 recruits HP-like proteins which mediate KRAB-ZFP
repression. This report demonstrates that KAP-1 interacts di-
rectly with members of the chromodomain- or chromo shadow
domain-containing heterochromatin protein family including
M31, M32, hHP1a, and hHP1g. Efficient binding can be de-
tected in solution-based chromatography assays and in EMSAs
using recombinant GST-HP1 family proteins. The interaction
is a direct protein-protein interaction between KAP-1 and
HP1, as shown using highly purified recombinant versions of
each. We have localized an HP1BD in KAP-1 and have shown
that amino acid substitutions in the HP1BD abolish HP1 bind-
ing. The complex formed in vitro is stable to gel filtration

FIG. 9. Colocalization of endogenous KAP-1 with the heterochromatin protein M32 in interphase nuclei. All images were derived from the staining of a single
population of cells simultaneously for both antigens and viewed by confocal microscopy. (A to C) Random fields of asynchronously growing NIH 3T3 fibroblasts. (D
to F) KAP-1 and hHP1g staining in human HEp-2 cells, as indicated in the lower right corner of each image (arrows point to two apparent daughter cells). Note the
speckled pattern for M32 which is largely excluded from nucleoli and pericentromeric heterochromatin. In several cells, a significant overlap was observed between
KAP-1 and M32 staining (C, F, and I). The most dramatic representation of this colocalization is portrayed in panels G to I, representing a high-magnification single-cell
analysis of KAP-1 and M32 subnuclear distribution in a NIH 3T3 nucleus, where the green and red speckles show a near complete overlap, yielding a uniform yellow
in the merged image (I).
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chromatography and alters the apparent native molecular mass
of a KAP-1-containing complex from 560 kDa to around 800
kDa (Fig. 7). There are several explanations for this apparent
increase: (i) multiple molecules of M32 interact with KAP-1
and/or each other, (ii) additional heterochromatin proteins
from the nuclear extract bind M32 bound to the KAP-1 com-
plex, and (iii) both heterochromatin proteins and other in-
teracting proteins interact with the new KAP-1–GST-M32
complex to shift the endogenous complex. Given the demon-
stration that chromodomains of heterochromatin proteins are
able to homo and hetero-oligomerize (10, 41, 42), we favor the
possibility that between two and four M32 molecules interact
with a KAP-1 complex. We have also succeeded in using
EMSA to reconstitute a stable, quaternary complex containing
DNA, a KRAB domain, KAP-1, and heterochromatin pro-
teins. This finding suggests that chromodomain proteins, ex-
emplified by M32, do not displace KAP-1 from the KRAB
domain upon binding. Furthermore, KAP-1–M32 interaction
does not abrogate DNA binding by KRAB domain-containing
DNA binding proteins. Together, these observations suggest
that endogenous KAP-1 has the capability of recruiting HP1

family members to a gene bound by a KRAB-ZFP protein.
Consistent with this, we observed that transient expression of
hHP1a augmented KRAB–KAP-1-mediated repression. Fur-
thermore, overexpression of a segment of KAP-1 which con-
tains the HP1BD abolished KRAB-mediated repression. Fi-
nally, mutations in the HP1BD which abolish HP1 binding
significantly reduce the repression potential of a GAL4–KAP-1
protein. Thus, recruitment of heterochromatin proteins may
play an important role in KRAB–ZFP–KAP-1-dependent re-
pression (Fig. 12). Consistent with this hypothesis is the obser-
vation that HP1 family members themselves are potent, DNA
binding-dependent repressors when tethered to a template via
fusion to heterologous DNA binding domains (30).

Heterochromatinization may be only part of KAP-1-medi-
ated repression. The predicted region of KAP-1 required for
binding to HP1 proteins lies between the coiled-coil domain
and the PHD (Fig. 1). Consistent with this, analysis of this cen-
tral domain of KAP-1 revealed a region of amino acid se-

FIG. 10. Modulation of KRAB/KAP-1 repression activity by exogenous
hHP1a and a dominant negative KAP-1. (A) Plasmids used for transfection. The
indicated GAL4-DNA binding domain fusion proteins were expressed from the
SV40 enhancer/promoter (SV40ep) in mammalian cells. The full-length hHP1a
contained a FLAG epitope tag at the amino terminus. The fragment of KAP-1
(aa 423 to 584) which contains the HP1BD was expressed as an NH2-terminal
histidine fusion protein from a CMV vector. The SV40 promoter-based lucif-
erase (Luc) reporter plasmid contains five synthetic GAL4-UAS sites and was
used in all transfections. CC, coiled coil; Br, bromodomain; RD1, repression
domain 1; CD, chromodomain; CSD, chromo shadow domain; pA, poly(A) site.
(B) One microgram of each GAL4 expression plasmid was cotransfected into
NIH 3T3 cells with increasing amounts of the hHP1a plasmid. Fold repression
was calculated by comparing normalized luciferase activities with that of cells
transfected in the absence of a GAL4 effector protein. The error bars represent
the standard errors observed for three independent transfections, each per-
formed in duplicate. (C) A GAL4-KRAB expression plasmid was cotransfected
with increasing amounts of CMV–KAP-1 (aa 423 to 584), which encodes the
putative HP1BD. Note that GAL4-KRAB repression activity is almost com-
pletely abolished in the presence of 4 mg of the CMV–KAP-1 (aa 423 to 584)
plasmid, suggesting that the HP1BD is titrating endogenous HP1 proteins, thus
relieving GAL4-KRAB-mediated repression via a squelching mechanism.

FIG. 11. Mutations in the HP1BD reduce the intrinsic repression activity of
the KAP-1 protein. (A) The plasmids used for transfection include GAL4 fusions
to the wild-type (WT) KAP-1 or the Mut1 and Mut2 versions depicted in Fig. 5.
Each plasmid (for notation, see the legend to Fig. 10) was tested for stable
expression via transfection into COS-1 cells followed by immunoprecipitation
analyses using both anti-KAP-1 and anti-GAL4 sera (B). These plasmids were
then used in transfection assays with the 5XGAL4-UAS-SV40 luciferase re-
porter plasmid (Fig. 10A). (C) The wild-type (WT) GAL4–KAP-1 protein dis-
played potent repression of the reporter plasmid. However, the heterologous
Mut2 protein, which does not bind HP1 proteins (Fig. 5) is reduced in repression
activity, while the heterologous Mut1 protein displayed an intermediate effect on
KAP-1-mediated repression. MW, molecular weight markers.
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quence homology termed the HP1BD, shared with the mTIF1a
coactivator protein, which was previously shown to bind the
mHP1a and M31 heterochromatin proteins (30). This finding
suggests that the small-signature amino acid sequence motif
may be responsible for protein-protein interactions involving
HP1 family members and may be useful in identifying other
components which are direct targets bound by HP1 family
members. While the HP1BD is sufficient for binding of HP1
family members, we have previously shown that significant
repression activity is also exhibited by a GAL4 fusion which
contains only the PHD and bromodomains (42). One interpre-
tation of these data is that multiple surfaces of KAP-1 contrib-
ute to the protein-protein interactions required for repression
and that multiple mechanisms are involved. Paradigms for this
scenario have been found for other large nuclear corepressors
such as N-CoR, SMRT, Sin3, Mad, and YY1 (see reference 26
and references therein). These corepressor proteins appear to
serve as molecular scaffolds for nucleation of multicomponent
complexes required for transcriptional repression, the primary
specificities of which are provided by the DNA binding com-
ponents of the complexes. Molecular mechanisms for the ac-
tions of these complexes have come from the study of murine
Sin3-HDAC complexes containing histone deacetylase activity
(26). These complexes apparently mediate localized chromatin
changes which occur at the level of the nucleosome. As a
consequence of deacetylating core histone, there is a resulting
increase in repression of transcription. However, the finding
that KAP-1 binds to heterochromatin proteins implies that the
KRAB–KAP-1 repression system may function at a different
level of chromatin organization than simple histone modifica-
tion.

Potential for local KRAB–KAP-1/HP1 euchromatin hetero-
chromatic regions. Using MAbs to M31 and M32, we have
shown that these proteins colocalize with KAP-1 within inter-
phase nuclei (Fig. 8 and 9). These data lend support to the
suggestion that the KRAB-ZFP–KAP-1 complex and HP1-like
proteins are likely to interact in vivo. A thorough inspection
of the cells immunostained with specific antibodies against
KAP-1 revealed a dynamic staining pattern which may corre-
late with the cell cycle. Particularly striking is the localization
of KAP-1 to distinct territories within the nuclei of some cells.
Moreover, some of these territories overlap with the localiza-
tion patterns of M31 and M32. This colocalization within sub-
nuclear territories between KAP-1 and either M31 or M32 is
reminiscent of the observations found with Ikaros, a transcrip-

tional regulator that is essential for lymphoid development. In
cells where the lymphoid cell-specific gene CD4 is inactive, the
gene is localized, with Ikaros, around centromeric heterochro-
matin (8). By contrast, the active gene is localized elsewhere in
the nucleoplasm. As for Ikaros, KRAB-ZFP binding to a gene
may recruit the gene to a heterochromatic territory or form a
new, localized heterochromatic domain around the gene, both
of which would lead to its stable silencing.

In summary, the KRAB-ZFP family is a large set of proteins,
each of which contains multiple contiguous C2H2 zinc fingers
and associated KRAB repression domains (Fig. 12). These
arrays of zinc fingers may mediate sequence-specific DNA
binding, although recent evidence suggests that not all fingers
in these long-array ZFPs participate in direct DNA contact. The
KRAB domain recruits the KAP-1 corepressor to the DNA
template bound by a KRAB-ZFP, binding directly to the
RBCC domain of KAP-1. Repression of transcription by a
KRAB-ZFP requires recruitment of KAP-1. KAP-1 homo-
oligomerizes (unpublished data) upon binding to the KRAB
domain and exhibits intrinsic repression activity through the
COOH-terminal domains that include the HP1BD, PHD, and
bromodomain. The HP1BD of KAP-1 binds to heterochro-
matic and euchromatic HP1 proteins, resulting in either re-
cruitment of the KRAB-ZFP-bound target gene to hetero-
chromatic chromosomal territories in the nucleus or formation
of local heterochromatic chromosomal regions and subsequent
silencing of gene expression. Homo- or hetero-oligomerization
of HP1 protein family members may play a role in transient
and/or stable gene repression, and it is interesting to speculate
that this may be catalyzed at a locus by the KRAB-ZFP–KAP-1
system. Additional potential components of the system which
still must be considered include the chromodomain-containing
CHD/Mi-2 protein, an ATPase/helicase which has been shown
to both bind KAP-1 (unpublished data) and be an integral
component of a histone deacetylase complex (52, 54, 58).

We suggest that the KAP-1-directed recruitment of HP1-
like proteins may provide an example of a mechanism by which
euchromatic genes may be locally silenced, through the forma-
tion of a heterochromatin-like complex (19, 23). Thus, KAP-1
binding of a KRAB domain-containing protein provides the
specificity for the assembly of a mammalian HP1-containing
heterochromatin-like complex to a distinct site within the ge-
nome, as previously suggested (23), and may be mechanisti-
cally related to the mechanisms whereby Hunchback and
dYY1 proteins (pleiohomeotic [7]) direct assembly of the Pc-

FIG. 12. Summary of protein-protein interactions identified in the KRAB-ZFP–KAP-1 repression pathway. We propose that the KRAB-ZFP family of transcrip-
tional repressors function in part as sequence-specific DNA binding proteins which recruit the KAP-1 corepressor to a target gene. This interaction is dependent on
the RBCC domain of KAP-1. Together, the HP1BD, PHD, and bromodomain comprise the surfaces which mediate gene silencing via interaction with the indicated
potential partners. This work has defined members of the HP1 family of heterochromatin proteins as likely downstream effectors of KAP-1 which may mediate the
assembly of stable, higher-order silenced domains in the eukaryotic nucleus. For notation, see the legend to Fig. 10. pol, polymerase.
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Group complexes in Drosophila (19, 38, 45). Moreover, the
formation of a heterochromatin-like complex by the KRAB-
ZFP–KAP-1 complex may lead to the dynamic recruitment of
silenced genes to a repressive chromosomal environment. The
driving energy for such recruitment may come from the
complementarity shared between the chromatin components
of the repressor complexes, a feature recently described in a
model proposed to explain such associations of repressed chro-
mosomal domains (46).
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