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The KRAB domain is a highly conserved transcription repression module commonly found in eukaryotic zinc
finger proteins. KRAB-mediated repression requires binding to the KAP-1 corepressor, which in turn recruits
members of the heterochromatin protein 1 (HP1) family. The HP1 proteins are nonhistone chromosomal
proteins, although it is unclear how they are targeted to unique chromosomal domains or promoters. In this
report, we have reconstituted and characterized the HP1–KAP-1 interaction using purified proteins and have
compared KAP-1 to three other known HP1 binding proteins: SP100, lamin B receptor (LBR), and the p150
subunit from chromatin assembly factor (CAF-1 p150). We show that the chromoshadow domain (CSD) of HP1
is a potent repression domain that binds directly to all four previously described proteins. For KAP-1, we have
mapped the CSD interaction region to a 15-amino-acid segment, termed the HP1BD, which is also present in
CAF-1 p150 but not SP100 or LBR. The region of KAP-1 harboring the HP1BD binds as a monomer to a dimer
of the CSD, as revealed by gel filtration, analytical ultracentrifugation, and optical biosensor analyses. The use
of a spectrum of amino acid substitutions in the human HP1a CSD revealed a strong correlation between
CSD-mediated repression and binding to KAP-1, CAF-1 p150, and SP100 but not LBR. Differences among the
HP1 binding partners could also be discerned by fusion to a heterologous DNA binding domain and by the
potential to act as dominant negative molecules. Together, these results strongly suggest that KAP-1 is a
physiologically relevant target for HP1 function.

It is clear that many of the effector domains in eukaryotic
transcription factors act as protein-protein interfaces which
allow the assembly of macromolecular complexes at various
sites in the nucleus. The constellation of transcription factors
that are arranged at a gene promoter integrate different com-
plexes via coactivators and corepressors, collectively termed
cofactors. Cofactors can act directly upon the process of tran-
scription by regulating components of the RNA polymerase
complex or through components of chromatin, often leading to
changes in gene expression which are stable through cell divi-
sion. Core histone modification by histone deacetylases and
histone acetyltransferases, which can be targeted, respectively,
by corepressors and coactivators, has emerged as a common
mechanism for influencing gene expression by altering chro-
matin (58). Another example is the methylation of CpG is-
lands, which is associated with epigenetically imprinted alleles
or repressed genes (8). More recent evidence showing that the
methyl-CpG-binding protein is present in a complex with his-
tone deacetylase activity (26, 44) suggests a link between these
two chromatin modifications that promote gene silencing.
Thus, by acting as links between modifiers of chromatin and
site-specific transcription factors, corepressors and coactiva-
tors can alter the gene expression profile of a cell in a heritable
manner.

To investigate the mechanistic steps through which tran-
scription repressors down-regulate gene expression, we have
focused on the KRAB (Kruppel-associated box) domain as a
model. The KRAB domain is a potent repression domain

present in nearly one-third of the members of a family of zinc
finger transcription factors for which there are an estimated
300 to 700 human genes (7, 36). The family is characterized by
an amino-terminal KRAB repression domain linked to multi-
ple arrays of Cys2His2-type zinc fingers, which are responsible
for DNA binding (29). Like many other repression domains,
the KRAB repression domain retains repressor activity when
transferred to a heterologous DNA binding domain (35, 62,
65).

KAP-1 is a universal corepressor for the KRAB domain and
is the founding member of a small family of cofactors collec-
tively designated the transcriptional intermediary factor 1
(TIF1) family in humans and mice (61). KAP-1 was isolated by
affinity chromatography (19) and subsequently by yeast two-
hybrid screening (27, 40). It is a 97-kDa nuclear phosphopro-
tein and contains a number of domains common to the family
but also found in other types of transcriptional regulators (see
Fig. 1A). At the amino terminus is the RBCC multidomain
unit, comprised of a RING finger, two B boxes, and a coiled-
coil domain. The RBCC domain is essential for binding to the
KRAB domain and participates in multimerization of KAP-1
(19, 48). A plant-like homeodomain (PHD) and a bromodo-
main are tandemly arranged at the carboxy terminus. The
central region of KAP-1 is the least conserved among the
family members and is generally rich in prolines, glycines, and
serines. KAP-1 itself possesses potent repression activity, and
this function is contributed by the carboxy terminus, including
the PHD and the bromodomain (19, 40, 61).

The basis for KAP-1 function in transcription repression is
not yet fully understood, but the ability of KAP-1 to bind
heterochromatin protein 1 (HP1) is very likely to have a role.
The interaction between these families of proteins was first
uncovered in a yeast two-hybrid screen using TIF1a (32).
There are three different HP1 proteins in humans and mice:
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HP1a, HP1b, and HP1g (mouse HP1b and HP1g are also
referred to as M31 or MOD1 and M32 or MOD2, respectively
[25]). All the proteins share a basic structure of an amino-
terminal chromodomain (CD) and a carboxy-terminal chro-
moshadow domain (CSD) linked by a hinge region (see Fig.
2A). The CD is present in numerous proteins, but the CSD has
been found only in the HP1 proteins and is thus considered the
signature motif for this family (2, 47, 56).

Studies of HP1 in Drosophila melanogaster provide one of
the best examples of epigenetic mechanisms of gene regula-
tion. Position effect variegation (PEV) in D. melanogaster re-
fers to the process of silencing euchromatic genes that have
integrated adjacent to heterochromatin (63). Gene silencing
occurs in only a subset of cells, and this state is faithfully
inherited by their progeny, leading to variegated or mosaic
patterns of expression. The stochastic nature of PEV is hypoth-
esized to be due to the variable spreading of heterochromatin
into adjacent regions (55). Genetic screens for modifiers of
PEV led to the discovery of the suppressor allele Su(var)2-5,
which encoded HP1, a nonhistone chromosomal protein first
identified by its localization to heterochromatin in polytene
nuclei (14, 23). D. melanogaster HP1 plays a dose-dependent
role in PEV and likely contributes to the formation and/or
stabilization of heterochromatin (15). More recent studies
showing that there is a correlation between overexpression of
the CD protein Swi6 and mat locus imprinting in fission yeast
and increased expression of an M31 transgene and changes in
variegation gene expression in mice indicate that HP1 function
has been strongly conserved (17, 43).

Position effects are known to play a role in both human and
murine genetic defects (6, 28). In many cases, it appears that
positively acting elements are removed and/or that negatively
acting (silencing) regions are repositioned near genes. Indeed,
boundary elements and locus control regions may function as
barriers that prevent inappropriate spreading of heterochro-
matin or association with heterochromatic regions in nuclei
(18, 38, 60). Moreover, enhancer function has been postulated
to work by keeping genes out of heterochromatic environs
(10). Emerging studies of gene regulation by Ikaros have re-
vealed a colocalization of inactive genes with centromeric het-
erochromatin and M31 in normal cycling lymphocytes (9).
Thus, local compartmentalization of genes in the nucleus is
emerging as a common mechanism for repressing transcription
in a stable manner.

However, the mechanisms responsible for sequence-specific
targeting of this repression are unclear. Heterochromatin, as
defined classically by cytological appearance, is interspersed
throughout chromosomes but is abundant near centromeres
and telomeres and is frequently composed of repetitive se-
quences (64). The mammalian HP1 proteins have distinct eu-
chromatic or heterochromatic staining patterns in nuclei, sug-
gesting that their roles have become specialized or that
targeting to chromatin has been regulated uniquely (39, 52).
KAP-1 is dynamically associated with the euchromatic and
heterochromatic regions, suggesting that it links heterochro-
matin-mediated gene regulation to localization in a specific
chromosomal territory (52). This model proposes that KRAB-
zinc finger proteins recruit the KAP-1 corepressor to DNA;
this complex, in turn, binds to HP1, which may then nucleate
local heterochromatin formation, resulting in gene silencing.

In order to understand the interaction between KAP-1 and
HP1 in more detail, we have reconstituted the complex using
recombinant proteins and have comprehensively defined its
biochemical properties. We have found that the CSD in HP1 is
required for direct binding to KAP-1 and that a stretch of 15
residues in the middle of KAP-1, the HP1BD, is necessary and

sufficient for association. We present evidence that the CSD
dimerizes and that it binds the KAP-1 HP1BD in a 2:1 stoi-
chiometry, with an apparent Kd of approximately 60 nM. Mu-
tational analysis with the human HP1a CSD and KAP-1 has
pinpointed specific residues that are essential for both binding
and transcription repression activity in either protein. We also
show that interactions with three other HP1 binding proteins
are disrupted by the same CSD mutations as those which
disrupt KAP-1 binding; however, these domains are not
equally able to repress transcription or inhibit HP1-mediated
transcription repression.

MATERIALS AND METHODS

Plasmids. The bacterial expression plasmids were based either on the pGEX
vectors (Pharmacia) for glutathione S-transferase (GST) fusion proteins or on
the pQE30 series of vectors (Qiagen) for fusion to polyhistidine at the amino
terminus. For expression in mammalian cells, fusions to the GAL4 DNA binding
domain (G4DBD) were based on the pM1 vectors (53). The pcDNA3.1 vector
(Invitrogen) was used for six-His fusion protein expression in mammalian cells.
By convention, plasmids are named with a prefix for the vector backbone,
followed by the gene name and numbers referring to the amino acids encoded by
the cDNA insert. To create pM-HP1a2-191, the full-length human HP1a cDNA
was released from the pC3flagHP1a plasmid (52) by digestion with EcoRI and
XhoI, and the fragment was ligated into the EcoRI and SalI sites of pM2. An
XmaI-XhoI fragment from pC3flagHP1a was used to subclone the full-length
HP1a insert into the XmaI and SalI sites of pQE32 (Qiagen) to create pQE-
HP1a2-191. The pM-HP1a2-191 and pQE-HP1a2-191 plasmids were digested
with HindIII, incubated with the Klenow enzyme and deoxynucleoside triphos-
phates, digested with EcoRV, and religated to produce the pQE-HP1a2-113 or
pM-HP1a2-113 plasmid. To create the pQE-HP1a97-191 and pQE-HP1a73-191
plasmids, human HP1a sequences were amplified by PCR using the following
respective forward primers incorporating a BamHI site: HP1a-S97-for. (59-GC
GGATCCAGATGAAGGAGGGTGAAAATAAT-39) and HP1a-M73-for. (59-
GCGGATCCACAGTGCCGATGACATCAAATC-39). The HP1a-stop-rev.
primer (59-GGCTCGAGTTAGCTCTTTGCTGTTTCTTTCTC-39), incorporat-
ing an XhoI site after the stop codon, was used for both amplification reactions.
The PCR products were digested with BamHI and XhoI and cloned into the
BamHI and SalI sites of pQE32 and pM1 or the BamHI and XhoI sites of
pGEX-5X-1 (Pharmacia). The D. melanogaster HP1 cDNA sequence encoding
amino acids 118 to 206 was amplified by PCR from the plasmid pVb206-1.1
(which carries a point mutation, V26M, but is wild type in the amplified region
[49]). BamHI and HindIII sites were included in the forward (59-GATCTAAT
ACGACTCACTATAGGGGGATCCGCGCCCTCTGGCAATAAATC-39)
and reverse (59-AAGCTTCTAATCTTCATTATCAGAGTACC-39) primers, re-
spectively. The PCR product was cloned into pCR2.1 (Invitrogen), and the DNA
was sequenced to confirm that the wild-type sequence was present. The plasmid
was then digested with BamHI and XhoI and cloned into the BamHI and SalI
sites of pQE32.

The point mutations in human HP1a shown in Fig. 2C were generated by
site-directed PCR mutagenesis with the following overlapping internal primers
(the codon change is shown in boldface; for., forward; rev., reverse): G116E, for.,
59-GCAATGATATCGCTCGGGAATTTGAGAGAGGACTG-39, and rev.,
59-CCACTCCTCTCTCAAATTCCCGAGCGATATCATTGC-39; L121F, for.,
59-GGCTTTGAGAGAGGATTCGAACCAGAAAAGATCATTGG-39, and rev.,
59-CCAATGATCTTTTCTGGTTCGAATCCTCTCTCAAAGCC-39; A129R, for.,
59-CCAGAAAAGATCATTGGGCGCACAGATTCCTGTGGTG-39, and rev., 59-
CACCACAGGAATCTGTGCGCCCAATGATCTTTTCTGG-39; M137E, for., 59-
GATTCCTGTGGTGATTTAGAGTTCCTAATGAAATGG-39; and rev., 59-CCA
TTTCATTAGGAACTCTAAATCACCACAGGAATC-39; D146G, for., 59-CT
AATGAAATGGAAAGACACAGGTGAAGCTGACCTGGT-39, and rev., 59-
GAACCAGGTCAGCTTCACCTGTGTCTTTCCATTTCATT-39; V151A, for.,
59-GGAGCTGACCTGGCTCTTGCAAAG-39, and rev., 59-CTTTTGCAAGAG
CCAGGTCAGCTTC-39; L152W, for., 59-GATGAAGCTGACCTGGTTTGGG
CAAAAGAAGCTAATGT-39, and rev., 59-CACATTAGCTTCTTTTGCCCAA
ACCAGGTCAGCTTCAT-39; A153E, for., 59-GAAGCTGACCTGGTTCTTG
AAAAAGAAGCTAATGTG-39, and rev., 59-CACATTAGCTTCTTTTTCAAG
AACCAGGTCAGCTTC-39; K159D, for., 59-GCAAAAGAAGCTAATGTGG
ACTGTCCACAAATTGTG-39, and rev., 59-CACAATTAGTGGACAGTCCA
CATTAGCTTCTTTTGC-39; I165K, for., 59-GAAATGTCCACAAATTGTGA
AAGCATTTTATGAAGAGA-39, and rev., 59-CTCTCTTCATAAAATGCTTT
CACAATTTGTGGACATTT-39; E169Q, for., 59-TTGTGATAGCATTTTATC
AAGAGAGACTGACATGGC-39, and rev., 59-GCCATGTCAGTCTCTCTTG
ATAAAATGCTATCACAA-39; and L172H, for., 59-GCATTTTATGAAGAG
AGACACACATGGCATGCATATCC-39, and rev., 59-GGATATGCATGCCA
TGTGTGTCTCTCTTCATAAAATGC-39.

Except for the V151A mutation, each mutational primer was paired with the
same outside primers (HP1a-S97-for. and HP1a-stop-rev.). The purified 59 and
39 PCR products were used in a second PCR with the outside primers to produce
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fragments encoding amino acids 97 to 191 of HP1a. These DNAs were digested
with BamHI and XhoI and ligated into pQE32, pM1, or pGEX-5X-1. The V151A
mutation was first incorporated into the full-length HP1a cDNA in pC3flagHP1a
using the plasmid pBTF4HP1a (kindly provided by H. Worman) as a template
and outside primers complementary to T7 and T3. Nested primers generating
amino acids 97 to 191 were then used to subclone a BamHI-XhoI fragment into
pQE32 and pM1. The human HP1a CD point mutation V21M was generated by
PCR using the mutational primers HP1aV21Mfor. (59-GGAGGAGTATGTTA
TGGAGAAGGTGCTAGAC-39) and HP1aV21Mrev. (59-CTAGCACCTTCT
CCATAACATACTCCTCCTC-39). The outside primers flag-HP1a-for. (59-GC
GGATTCGCCACCATGGACTACAAGGACGACGATGACAAAGAT-39)
and EcoRV-HP1a-rev. (59-GCCCCGAGCGATATCATTGCTCTGCTC-39) were
used for a second PCR, and the fragment was digested with BamHI and EcoRV
and cloned into the corresponding sites of pM-HP1a2-191.

Mouse M31 (mMOD1) cDNA fragments were amplified by PCR from the
full-length cDNA in pGEX-M31 (kindly provided by H. Worman) and subcloned
into pQE32, pM1, and pGEX-5X-1 using the following forward (for.) and re-
verse (rev.) primers: M31for.A, 59-GCGGATCCTGGGGAAAAAGCAAAAC
AAGAAAGTG-39; M31for.B, 59-GCGGATCCAAAGCAAACCAAAGAAGA
AGAAAG-39; M31rev.A, 59-GGCTCGAGCTAATTCTTGTCGTCTTTTTTG-

39; and M31rev.B, 59-GGCTCGAGCTACTTTTCTGACTCTTCTTTCTTC-39.
The primer pair M31for.A and M31rev.A produced a fragment encoding amino
acid residues 2 to 109; M31for.A and M31rev.B produced a fragment encoding
amino acid residues 2 to 185 (full length); and M31for.B and M31rev.B produced
a fragment encoding amino acid residues 98 to 185.

The pM2-KAP-1(293-835) plasmid (19) and mut1 and mut2 derivatives (52)
were used as templates for PCR with the following respective primer pairs,
KAP-1/for.408, 59-CCGGGATCCAGATTGTGGCAGAGCGTCCTG-39, and
KAP-1/rev.584, 59-CCGCTCGAGTTAACCCTCCGCAAGAGCCATAAGC-
39; and KAP-1/for.478, 59-CCGGGATCCAGGTGAGCGGCCTTATGCGC-39,
and KAP-1/rev.516, 59-CCGCTCGAGCTAGTCCTCAGTGGTACTGCC-39.
The BamHI and XhoI sites incorporated in the primers were used for inser-
tion into pGEX-5X-1. The following primers were used to generate the series
of deletions of the KAP-1 shown in Fig. 3C: KAP-1/R483for, 59-CGCGGA
TCCGCAAGGTGCCACGAGTGAGCCTTGAACG-39; KAP-1/L490for, 59-
CGCGGATCCTTGAACGCCTGGACCTGGACCTAACAGCTG-39; KAP-1/
G511rev, 59-CCGCTCGAGCTAGCCTGGTAAGACCTTGAAGACG-39;
KAP-1/P504rev, 59-CCGCTCGAGCTAGGGTGGCTGGCTGTCAGCTGTTA
GGTC-39; and KAP-1/L497rev, 59-CCGCTCGAGCTATAGGTCCAGGTCCA
GGCGTTCAAGGC-39. The PCR products generated from different pairwise

FIG. 1. Schematic representations of the KAP-1 protein and the HP1BD. (A) The KAP-1 protein is shown in linear format with the conserved domains noted by
shaded boxes and with amino acid positions indicated. A RING finger, two B boxes, and a coiled-coil region comprise the amino-terminal RBCC domain, which is
required for binding to the KRAB repressor domain. The PHD, the bromodomain (Bromo), and the HP1BD are also highlighted. KAg is shown below, and the
locations of the mut1 (LI519 and 520AA) and mut2 (RV487 and 488EE) double substitutions are indicated. (B) Sequence alignment of the 39-amino-acid segment
covering the HP1BD from members of the TIF1 family. Also included in the alignment are other proteins containing a putative HP1BD, as determined by a
PHI-BLAST search of nonredundant and EST databases (70). Residues that are identical in at least six members were considered conserved and are highlighted in
black. The letters h, m, and b stand for human, murine, and bovine sequences, respectively, and the accession numbers for the ESTs follow these letters. Five different
pentamer peptide sequences obtained through phage display analysis of the D. melanogaster HP1 CSD are also included (57).
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combinations of forward and reverse primers were digested with BamHI and
XhoI and ligated into pGEX-5X-1. The pC3-KAP-1(381-618) plasmids (wild
type, mut1, and mut2) were constructed by subcloning EcoRI-HindIII fragments
from the pQE-KAP-1(381-618) plasmid series (52) into the corresponding sites
of pcDNA3.1. The pQE-KAP-1(423-589) and pC3-KAP-1(423-589) plasmids,
encoding the KAP-1 antigen (KAg), have been described elsewhere (19, 52).

A segment of the human SP100 cDNA (amino acid residues 270 to 346,
comprising the HP1BD [33]) was amplified by PCR with forward and reverse
primers having the sequences 59-CGGAGATCTGTGATGAAGAAAGCCCAG
AG-39 and 59-GCCTCGAGGTTATGAGATGAAGACTTCTAAGGG-39, re-
spectively, and with the pCMX-SP100 plasmid (37) as a template. The PCR
product was ligated into the pCR2.1 vector and subcloned into pGEX-5X-1 and
pQE32 via the BglII and XhoI sites included in the primer sequences.

The human lamin B receptor (LBR) cDNA sequence (amino acid residues 96
to 174 [41, 67]) was amplified using the primers LBR for. (59-CGCGGATCCG
ATCTGCTTCTGCTTCCCAC-39) and LBR rev. (59-GCGCTCGAGCTATTC
TTCTCTTCTTGGACGAAGGC-39). Likewise, the HP1BD from the human
CAF-1 p150 subunit was produced with the following respective primer pairs for
residues 187 to 248 and 124 to 315: CAF150 for1., 59-GCGGATCCGGAGCT

GCCCGGAGCTGACG-39; CAF150 rev1., 59-CGGCTCGAGCTAGGTCATG
TTCTTGCCTTGGGG-39; CAF150 for2., 59-GCGGATCCCCTCCAGGGAGG
CAATAAATGG-39; and CAF150 rev2., 59-GGTCTCGAGCTAGTTCTTCTC
TGTAGAGCC-39. The templates for PCR were generated via reverse
transcription from total RNA isolated from human Caco2 cells with a Ready To
Go kit (Pharmacia) according to the manufacturer’s instructions. The PCR
products were digested with BamHI and XhoI and cloned into the pQE32,
pGEX-5X-1, and pM1 vectors. EcoRI and HindIII fragments from all of the
pQE32-based plasmids were subcloned into the pcDNA3.1 vector to provide
expression plasmids controlled by T7 and cytomegalovirus promoters. All plas-
mids generated by PCR were sequenced to confirm the integrity of the coding
sequence and the fusion junctions.

Recombinant proteins. The GST fusion proteins were expressed in Escherichia
coli BL21(DE3) cells, and six-His fusion proteins were expressed in E. coli
SG13009 cells (Qiagen). Expression of recombinant proteins was induced in
cultures grown at 37°C to an optical density at 600 nm of 0.6 with 1 mM
isopropyl-b-D-thiogalactopyranoside (IPTG). After 1 to 3 h, the bacteria were
pelleted by centrifugation at 6,000 3 g, washed once in PBS (10 mM Na2HPO4,
1.4 mM KH2PO4, 2.7 mM KCl, 150 mM NaCl, 1 mM phenylmethylsulfonyl

FIG. 2. Schematic representations of the HP1 protein, the CD, and the CSD. (A) Diagram of human HP1a depicting the prototypical structure of the HP1 proteins.
The relevant domains are noted; NLS, nuclear localization signal. The CSD polypeptide fragment from human HP1a is shown. BD, binding domain. (B) Alignment
of the primary amino acid sequences of the CD and the CSD of D. melanogaster HP1 (dHP1), mouse M31 (mM31), and human HP1a (hHP1a) proteins. The secondary
structure determined for the CD of M31 is indicated above. Identical residues within either the CD or the CSD are highlighted in black. (C) Point mutations engineered
in the human HP1a CSD. The table summarizes the transcription (Tx) repression activity of the mutant CSD polypeptides and their ability to bind to various HP1
partner proteins. The reported values were judged relative to the activity observed for the wild-type (wt) CSD: 11, 100 to 75%; 1, 75 to 25%; 2, 25 to 0.
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fluoride [PMSF]), and repelleted. These and subsequent steps were carried out
at 4°C or on ice unless indicated otherwise. To purify GST fusion proteins, the
cell pellets were resuspended in GST lysis buffer (PBS, 25% sucrose, 1 mg of
lysozyme per ml, 1 mM dithiothreitol [DTT]) containing a protease inhibitor
cocktail (PIC; 1 mM PMSF, 2 mg of aprotinin per ml, 1 mg of pepstatin per ml,
1 mg of leupeptin per ml). After 10 min, a 1/10 volume of 0.5 M EDTA was added
and incubation was continued for another 10 min. The lysate was subjected to a
single freeze-thaw cycle and then sonicated in an ice-water bath for 30 s using a
Macrotip at setting 4 on the 50% duty cycle (Branson). Sonication was repeated
twice, with cooling on ice between applications. Following the addition of a 1/10
volume of PBS containing 10% Triton X-100 and PIC, the lysates were mixed for
5 to 10 min, and the insoluble debris was removed by centrifugation at 10,000 3
g for 30 min. GST fusion proteins were collected from extracts by the addition of
glutathione-Sepharose beads (Pharmacia) and the beads were washed in batch
form first with 10 to 20 volumes of BB500 buffer (20 mM Tris-HCl [pH 8.0], 500
mM NaCl, 0.2 mM EDTA, 0.1% Nonidet P-40, 10% glycerol, 1 mM DTT, PIC)
and then with the same buffer containing 100 mM NaCl (BB100 buffer). The
purified proteins were either stored on beads as a 50% slurry or eluted with 2.5
volumes of 20 mM reduced glutathione in BB100 buffer and then dialyzed
exhaustively against dialysis buffer (see below).

Purification of six-His fusion proteins was performed under native conditions
using native lysis buffer (300 mM NaCl, 50 mM NaH2PO4, 10% glycerol, 5 mM
imidazole [pH 7.8], PIC). Cell suspensions were sonicated and debris was re-
moved as described above. Ni-nitrilotriacetic acid resin (Qiagen) which was
equilibrated in PBS was added to the supernatant and mixed in batch form for
1 to 2 h. The resin was washed first with 20 volumes of native lysis buffer and then
with 20 volumes of native lysis buffer adjusted to pH 6.0. Proteins were eluted
using increasing imidazole concentrations in native lysis buffer in batch form,
after a small aliquot of resin was tested to determine the optimal elution con-
ditions. The wild-type and mutant human HP1a97-191 (hHP1a97-191) polypep-
tides demonstrated similar expression levels and solubility, except for V151A,
which produced little soluble protein. As an alternative, six-His fusion proteins
were purified under denaturing conditions using denaturing lysis buffer (8 M
urea, 100 mM NaCl, 20 mM HEPES [pH 8.0], 10 mM imidazole, 10% glycerol).
Binding to Ni-nitrilotriacetic acid resin, washing, and protein elution were car-
ried out as described for native purification, except that the steps were performed
at room temperature and denaturing lysis buffer was substituted. The eluted
proteins were renatured via step dialysis against decreasing concentrations of
urea in dialysis buffer (100 mM NaCl, 20 mM HEPES [pH 8.0], 0.2 mM EDTA,
10% glycerol, 1 mM DTT, 1 mM PMSF). Dialysis renaturation was completed by
three sequential exchanges against dialysis buffer lacking urea. The typical yields
of soluble six-His fusion proteins purified under either native or denaturing
conditions were 0.5 mg (e.g., hHP1a2-191), 5.0 mg (e.g., hKAP423-589 or
hKAg), and 15 mg (e.g., hHP1a97-191 or hCSD) per liter of bacterial culture.

The GST binding experiments were performed using equal amounts of GST
fusion proteins, which were estimated from Coomassie blue-stained gels. The
binding reactions were carried out with 0.3 ml of BB100 buffer which contained
1 mg of bovine serum albumin per ml to block nonspecific interactions. Purified
six-His fusion proteins were incubated for 1 h, and the glutathione-Sepharose
beads were washed twice with BB500 buffer and twice with BB100 buffer and
then eluted by boiling in 23 protein sample buffer (100 mM Tris-HCl [pH 6.8],
4% sodium dodecyl sulfate [SDS], 20% glycerol, 5% b-mercaptoethanol, 0.002%
bromophenol blue). The proteins were separated by SDS-polyacrylamide gel
electrophoresis (PAGE) and detected by Coomassie blue staining.

Gel filtration analysis. Gel filtration analysis of purified hKAP423-589 and
hHP1a97-191 proteins was carried out at 4°C on a Superdex 200 HR 10/30
column equilibrated with dialysis buffer. The flow rate (0.25 ml/min) and fraction
size (1 ml) were controlled using a Pharmacia fast protein liquid chromatography
system. An aliquot of each fraction, including the voided volume, was analyzed
by SDS-PAGE and Coomassie blue staining. For individual proteins and com-
plexes, 0.2 to 1.0 mg was applied in a volume of 0.5 to 1.0 ml of dialysis buffer.
Protein complexes were prepared by refolding the recombinant KAP-1 and
HP1a polypeptides in different molar ratios after separate purifications under
denaturing conditions and quantitation. Protein complexes were also obtained
from proteins that had been purified under native conditions by incubating the
preparations together for 1 h on ice. The behavior of the individual HP1a and
KAP-1 polypeptides and the complex in gel filtration analysis was not altered by
dialysis buffer containing 500 mM NaCl.

Analytical ultracentrifugation. Sedimentation equilibrium experiments were
performed with an Optima XL-I analytical ultracentrifuge using interference
optics to measure the protein concentration gradient. For each experiment, three
cells were assembled with double-sector 12-mm centerpieces and sapphire win-
dows. Prior to analytical ultracentrifugation, the polypeptides were purified by
gel filtration chromatography as described above. The cells were loaded with
dialysis buffer as the reference and three different protein concentrations. A
blank scan of distilled water was done before the run to correct for the effects of
window distortion on the fringe displacement data (69). The experiments were
performed at 4°C and 17,000 to 35,000 rpm. Fringe displacement data were
collected every 4 to 6 h until equilibrium was reached.

For all experiments, attainment of the sedimentation equilibrium was verified
by comparison of successive scans using the MATCH v.7 program, and the data
were edited using the REEDIT v.9 program (both programs were kindly pro-

vided by David Yphantis). We used nonlinear regression fitting of the data with
various models from the NONLIN program (24). The reduced molecular weight
of a protein is defined as [M(1 2 yr)v2]/RT, where M and y are the molecular
weight and the partial specific volume of the protein, respectively, and r is the
density of the solvent. The program SEDNTERP (31) was used to calculate the
solvent density and the y of the protein using the known amino acid sequence of
the protein. At least three data sets from different loading concentrations and/or
rotor speeds were fitted simultaneously. Goodness of fit was determined by
examination of the residuals and minimization of variance. The equilibrium
constants returned by NONLIN from the association models were converted to
the molar scale using the molecular weight of the polypeptide and a specific
fringe displacement of 3.26 fringesL/g for interference data (34).

Optical biosensor analysis. Analysis of the binding kinetics between human
HP1a and KAP-1 polypeptides was performed at 25°C on BIAX and BIA3000
instruments using CM5 sensor surface chips (Biacore Inc., Uppsala, Sweden).
Anti-GST polyclonal antibody (1 to 5 mg) in 10 mM sodium acetate (pH 5.0) was
coupled to the sensor surfaces at a flow rate of 5 ml/min after activation with
N-hydroxysuccinimide and N-ethyl-N9-(dimethlyaminopropyl)carbodiimide. The
coupling reaction was terminated with 1.0 M ethanolamine, and the amount of
anti-GST antibody captured was 500 to 1,000 response units (RU). Sensor
surfaces were equilibrated in dialysis buffer, and between 50 and 600 RU of
GST–HP1a97-191 or GST–KAP-1(408-584) was captured. The I165K mutant
version of GST-HP1a and the mut2 version of GST–KAP-1 (control surfaces)
were captured at equivalent RU. Alternatively, direct coupling of six-His human
HP1a CSD (hCSD) polypeptide (or the control I165K mutant polypeptide)
resulted in 600 RU attached to the sensor surface. The analyte for the sensor
surfaces composed of GST-HP1a polypeptides was human KAg (hKAg), while
hCSD was used as the analyte for the GST–KAP-1 sensor surfaces. The analyte
(100 ml) was injected over the sensor surface at a flow rate of 30 ml/min for a total
of 360 s, followed by washing with dialysis buffer for the dissociation phase.
Sensor surfaces were regenerated with 1.0 M NaCl (pH 2.5) and then equili-
brated in dialysis buffer for subsequent capture of GST proteins and analyte
binding steps.

The biosensor data (see Table 1) were collected from three independent
experiments and analyzed using BIAevaluation v3.0 software (Biacore). All sen-
sorgrams were corrected for nonspecific binding on the control surfaces, and the
data points for binding were fitted globally to different models of binding kinet-
ics. These included the one-step Langmuir 1:1 integrated equation, a bivalent
analyte model, and parallel or independent heterogeneous ligand interactions.

Mammalian cell transfection. NIH 3T3 cells were cultured in Dulbecco mod-
ified Eagle medium (DMEM) plus 10% calf serum and were transfected with
plasmids using the Lipofectamine reagent as described elsewhere (52). For
luciferase reporter gene assays, 3 3 105 cells were seeded per 60-mm dish and
transfected with a total of 6 mg of plasmid DNA, which routinely included 1.0 mg
of the luciferase reporter and 0.5 mg of pcDNAlacZ to monitor transfection
efficiency. In transfections using increasing doses of effector plasmids, the total
amount of plasmid containing the simian virus 40 or cytomegalovirus enhancer
was maintained by addition of the empty expression vector. Cells were harvested
24 to 36 h posttransfection, washed with PBS, and then lysed in 250 ml of
luciferase reporter buffer (Promega). The lysates were subjected to a freeze-thaw
cycle and then clarified by centrifugation at 12,000 3 g at 4°C. Twenty microliters
of the supernatant was used to measure protein content, b-galactosidase activity,
and luciferase activity. To examine protein expression, transiently transfected
NIH 3T3 cells were metabolically labeled with 35S-Translabel (ICN) in methio-
nine- and cysteine-free DMEM supplemented with 2% dialyzed calf serum. Cell
extracts were prepared in radioimmunoprecipitation assay (RIPA) buffer (150
mM NaCl, 50 mM Tris [pH 8.0], 1.0% Nonidet P-40, 0.5% deoxycholate, 0.1%
SDS, 1 mM DTT, PIC) and subjected to immunoprecipitation with G4DBD
rabbit antiserum (SC-577; Santa Cruz) or mouse monoclonal antibody RGS-His
(Qiagen). The immune complexes were collected with protein G-Sepharose
(Pharmacia), washed with RIPA buffer, and eluted by boiling in 23 protein
sample buffer. The proteins were resolved by SDS-PAGE, and the gels were
subjected to fluorography, dried, and exposed to X-ray film.

RESULTS

Defining the interaction domains of KAP-1 and HP1 pro-
teins. Our previous work demonstrated that the HP1 family of
heterochromatin proteins could interact with the KAP-1 core-
pressor (52). The KAP-1 molecule is comprised of several
conserved motifs at both its amino and its carboxy termini (Fig.
1A). The amino-terminal portion, the RBCC domain, is re-
quired for binding to the KRAB domain, while the carboxy-
terminal region is involved in repressor function (19, 40, 48,
61). The central region of KAP-1 has been demonstrated to be
involved in HP1 interaction, but no well-defined structural
motifs have been assigned to this region (32, 41, 52).

We initially assessed the interaction using GST-M31 fusion
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proteins and a portion of KAP-1 spanning amino acid residues
408 to 584, corresponding approximately to the KAg polypep-
tide. Two different mutant versions of this KAP-1 polypeptide
were also purified to homogeneity and served as specificity
controls. The results demonstrated that the wild-type KAP-1

polypeptide bound specifically to the GST-M31 full-length and
CSD fusions but not to the fusion with the CD and hinge
region (Fig. 3A). The same result was observed with the mut1
version of KAP-1, while the mut2 version was completely un-
able to bind the GST-M31 fusion, consistent with our previous

FIG. 3. Direct interactions between recombinant KAP-1 and HP1 proteins in vitro and definition of binding domains. (A) GST fusion proteins encompassing
different portions of the M31 protein were used in binding reactions with six-His fusion polypeptides containing amino acids 408 to 584 for wild-type (wt), mut1, and
mut2 versions of KAP-1. The recombinant proteins were affinity purified to homogeneity, and 2 mg of each GST fusion and 4 mg of each six-His KAP-1 fusion were
used in the binding reactions. Complexes retained on glutathione-Sepharose beads were separated by SDS-PAGE and detected by Coomassie blue staining. GST-M31
fusions to the full-length protein (FL, amino acids 2 to 185), the CD (amino acids 2 to 109), and the CSD (amino acids 98 to 185) are indicated above lanes 2, 3, and
4 respectively. Fifty percent of the input KAP-1 polypeptide was loaded into lanes 1. Molecular mass standards (kilodaltons) are indicated to the left. Direct binding
is seen only with the full-length protein and a CSD portion of M31, and the KAP-1 mut2 version is never observed to interact. (B) Analysis like that in panel A but
with GST–KAP-1 fusions (amino acids 478 to 516) in binding reactions with six-His HP1 fusion polypeptides. Full-length human HP1a (amino acids 2 to 191) or a
polypeptide that contains the CSD (amino acids 97 to 191) binds to the wild-type GST–KAP-1 fusion. No binding is seen for the CD-hinge fragment (amino acids 2
to 113) of human HP1a. The CSD fragment of D. melanogaster HP1 (D.m.CSD) also retains specific binding to GST–KAP-1. (C) Deletion analysis of KAP-1 defines
a 15-amino-acid HP1BD. GST–KAP-1 fusion proteins were purified from bacteria and used in binding reactions with purified six-His HP1a polypeptides (full-length
protein or CSD). The starting 39 residues in KAP-1 are shown at the top, and below are shown the various amino- and carboxy-terminal deletions which were examined.
The mut2 double substitution in KAP-1 is also indicated. The minimal CSD binding motif, PXVXL, found in KAP-1/TIF1 and CAF-1 p150 family members, is
highlighted in black and boxed. The residue positions in KAP-1 are indicated to the left.
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studies of these mutants (52). To further define the segment of
KAP-1 responsible for binding, we prepared GST–KAP-1 fu-
sion proteins carrying nested deletions in the region between
the RBCC domain and the PHD and used human HP1a
polypeptides in binding reactions. We found that a 39-amino-
acid segment of KAP-1 (amino acids 478 to 516) was sufficient
for direct binding of human HP1a polypeptides that contained
the CSD (Fig. 3B). A polypeptide containing the CD and hinge
region of human HP1a was unable to interact with this GST–
KAP-1 affinity resin. All forms of the GST–KAP-1 protein with
the mut2 double substitution (RV487 and 488EE) completely
eliminated the interaction between KAP-1 and human HP1a
polypeptides (Fig. 3 and data not shown). Together, the data
indicate that the carboxy-terminal CSD is solely responsible for
the interaction between mammalian HP1 proteins and KAP-1.
We next tested the species specificity of this interaction using
the CSD from the D. melanogaster HP1 protein (Fig. 3B).
KAP-1 was clearly able to bind a D. melanogaster HP1 CSD
polypeptide, although the level of binding was somewhat lower
than that observed with the CSD from mammalian HP1 pro-
teins.

Examination of the region required for HP1 binding in the
TIF1 family revealed short stretches of similarity (Fig. 1B)
within the 39 amino acid residues of KAP-1 used as a GST
affinity resin. We made further deletions in this fragment to
continue to define the minimal stretch of residues required for
HP1 binding. A summary of the data from these experiments is
presented in Fig. 3C. The shortest segment of KAP-1 which is
sufficient for human HP1a binding spans 15 residues (amino
acids 483 to 497). This peptide segment, designated the
HP1BD, overlaps the M31 interaction region (MIR) defined in
mouse TIF1b and the mouse chromatin assembly factor p150
subunit (CAF-1 p150) (41). In addition, a pentamer motif
which was discovered in peptides selected by phage display
with the CSD from D. melanogaster HP1 (57) is very similar to
the HP1BD or MIR. The PXVXL sequence may represent the
minimal motif required for interaction with the CSD, and it is
noteworthy that the conserved valine residue is replaced by a
glutamate residue in the mut2 double substitution. While other
sequences in expressed sequence tag databases contain this
putative binding motif (Fig. 1B), several HP1 binding proteins,
such as SP100 and LBR, do not contain this motif.

Mutational analysis of the human HP1a CSD. Since our
studies indicated that the distantly related D. melanogaster
CSD could bind KAP-1, we sought to determine which resi-
dues in the CSD were important for this interaction. The CSD
at the carboxy terminus of HP1 was identified as a conserved
motif related to the CD (2, 56) and is thought to have a similar
structure or globular topology (5, 67). However, our results
show that the two domains are dissimilar with respect to
KAP-1 binding. We created a set of mutations in the human
HP1a CSD which, in general, substituted conserved CSD res-
idues with CD-like residues (Fig. 2B). The mutants, in the
context of the CSD polypeptide (amino acids 97 to 191), were
expressed as recombinant six-His fusion proteins (hereafter
designated hCSD), purified to homogeneity, and analyzed for
binding to the GST–KAP-1 affinity resin. The 39-amino-acid
segment of KAP-1 containing the HP1BD was used, and the
mut2 version served as a negative control in these experiments.
The results of this analysis show that 4 out of 12 mutants were
completely unable to bind KAP-1, while 3 had reduced binding
and 5 appeared to bind at the wild-type level (Fig. 4 and 2C).
When the mutants were tested as GST fusions, identical results
were found, again demonstrating that the configuration of the
tags on the recombinant proteins does not affect binding be-
tween HP1 and KAP-1 (data not shown). This analysis showed

that four residues in the CSD (A129, A153, I165, and L172)
are essential for binding to KAP-1 and may be important for
distinction between the CSD and the CD.

Interaction between the human HP1a CSD and LBR,
SP100, and CAF-1 p150 proteins. HP1 proteins have been
found to interact with a number of other nuclear proteins in
addition to the molecules in the TIF1 family. These include the
autoantigen SP100 (33, 54), LBR (68), and CAF-1 p150 (41).
We produced recombinant proteins carrying the HP1 binding
regions from these three proteins and tested them for direct
binding to wild-type and mutant hCSD polypeptides. Typical
results from one of these experiments using a GST–CAF-1
p150 affinity resin are presented in Fig. 5. Strong binding of
wild-type hCSD was observed, and the mutants which failed to
bind GST–CAF-1 p150 were the same as those which failed to
bind GST–KAP-1, namely, A129R, A153E, I165K, and L172H.
Both GST-SP100 and GST-LBR resins were able to bind wild-
type hCSD, although the amount bound was reproducibly
lower (,50%) than that seen with the GST–KAP-1 and GST–
CAF-1 p150 resins (data not shown). The same four hCSD
mutants noted above also failed to bind GST-SP100 and GST-
LBR. However, GST-LBR failed to bind three other mutants:
G116E, K159D, and V151A (see summary in Fig. 2C). Similar
results were observed when GST fusions of the CSD mutants
were used to bind six-His fusion polypeptides from CAF-1
p150, SP100, and LBR (data not shown). Thus, four different
point mutations in the CSD consistently eliminate the interac-
tion between HP1 and four of its potential protein partners
(summarized in Fig. 2C).

Stoichiometry of the KAP-1–HP1a CSD complex. To begin
to understand the molecular features of KAP-1 and HP1a
binding, we examined the biochemical behavior of recombi-
nant polypeptides purified individually or as a reconstituted
complex. For these experiments, we chose small domains
which were involved in binding and used a refolding strategy
which eliminated the formation of aggregates by these recom-
binant proteins. The polypeptide segment of KAP-1 spanned
amino acid residues 423 to 589 (hereafter designated hKAg)
(Fig. 1A). The HP1a polypeptide used was hCSD, described
above (Fig. 2A). Based on the primary amino acid sequence,
the size predicted for hKAg is 18.3 kDa, although its mobility
in SDS-PAGE is retarded and it migrates at 28 kDa. The size
for hCSD is predicted to be 12.3 kDa, and it migrates near the
14.4-kDa marker in SDS-PAGE.

Gel filtration chromatography was performed to character-
ize the hydrodynamic properties of the purified proteins. Initial
gel filtration experiments had shown that hCSD purified under
native conditions contained a significant amount of aggregated
material in addition to a peak fraction which eluted at an
apparent molecular size of 36 kDa. Purification under dena-
turing conditions followed by step refolding, however, yielded
a single species through gel filtration which had the same
molecular size, 36 kDa, roughly three times the size of the
monomeric polypeptide (Fig. 6). The hKAg polypeptide (na-
tive or renatured) behaved as a single species in gel filtration
and eluted like a 70-kDa globular protein, much larger than its
predicted mass. The unusual mobility of hKAg in this analysis
may have been due to a highly asymmetrical shape of this
molecule (see Discussion).

We then subjected a complex of the hCSD and hKAg
polypeptides to gel filtration using material that was either
refolded together or mixed (1:1 molar ratio) after purification
and refolding of the polypeptides separately. Figure 6 shows
that a novel peak containing both polypeptides was obtained at
an apparent size of 102 kDa, close to the sum of the apparent
sizes of the individual components. The peak fraction contain-

VOL. 20, 2000 CHROMOSHADOW DOMAIN–KAP-1 COREPRESSOR COMPLEX 6455



ing the complex was rerun over the gel filtration column, re-
sulting in an identical elution profile, without any appreciable
dissociation of the complex (data not shown).

These data strongly suggest that the hCSD and hKAg
polypeptides form a tight complex that represents the assembly
of the individual species. When the complex was formed using
a 3:1 molar excess of hCSD-hKAg and subjected to gel filtra-
tion, we found two elution peaks corresponding to the complex
at an apparent size of 102 kDa and free hCSD polypeptide at
an apparent size of 36 kDa (Fig. 6A and C). A 2:1 molar ratio
of hCSD-hKAg did not result in a separate peak for the CSD,
suggesting that this ratio represents the stoichiometry of the
complex. Thus, at a 1:1 molar ratio, an excess of free hKAg
polypeptide is predicted to exist; however, this is difficult to
ascertain, since there is some overlap between the elution
peaks for this species and the complex. To verify the specificity

of the complex, we used one of the mutant versions of the
hCSD polypeptide (I165K) which cannot bind KAP-1 and pre-
pared the complex in an identical manner. The results of this
analysis are shown in the two lower panels of Fig. 6A. The data
clearly demonstrate that the mutant hCSD and hKAg polypep-
tides remained as separate elution peaks and were unable to
bind and generate any complex. Interestingly, this analysis also
reveals that the I165K mutant hCSD polypeptide had an ap-
parent size of 16 kDa and might possess an aberrant structure.
The three other hCSD mutants which were unable to bind
KAP-1, A129R, A153E, and L172H, had sizes consistent with
globular proteins of 36, 24, and 33 kDa, respectively. Individ-
ually, these mutants also failed to generate a complex with the
hKAg polypeptide when assayed by gel filtration chromatog-
raphy (data not shown).

To accurately determine the multimeric status of the hKAg

FIG. 4. KAP-1 binding by human HP1a CSD mutants. Site-directed mutations in the CSD (Fig. 2C) were produced as recombinant six-His fusion polypeptides in
bacteria and purified to homogeneity. Equal amounts of the 12 mutant polypeptides and wild-type (wt) hCSD were used in binding reactions with GST–KAP-1 affinity
resins as described in the legend to Fig. 3; the Coomassie blue-stained gels are shown. Molecular mass standards (kilodaltons) are shown to the right. Asterisks indicate
four mutants which have completely lost binding to KAP-1.
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and hCSD polypeptides, analytical ultracentrifugation was per-
formed, and the concentration-versus-radius data at sedimen-
tation equilibrium were fitted with various models using non-
linear regression (24). The data for hKAg fitted well to a model
describing a very weak, reversible monomer-dimer association,
with an estimated Kd of 3.7 mM (Fig. 7A). The hCSD data
were best described by a model containing dimers and tetram-
ers (Fig. 7B). Although the apparent equilibrium constants
returned by the fitting program for the dimer-tetramer associ-
ation were quite similar (0.5 to 0.7 mM for four data sets), the
data sets could not be fitted well with a single equilibrium
constant. This finding indicates that this weak association is not
completely reversible due to a small proportion of the hCSD
polypeptide that is incompetent to either dissociate or associ-
ate. When a hCSD-hKAg complex was analyzed, the data fitted
to a model containing a 2:1 complex and another species cor-
responding to the hCSD tetramer (Fig. 7C). While some hCSD
may exist in a tetrameric state that is not involved in KAP-1
binding, the results are consistent with a dimer of hCSD bind-
ing to one molecule of hKAg.

Biosensor analysis of KAP-1 and HP1 binding kinetics. To
further understand the interaction between the KAP-1 and
human HP1a proteins, we examined the real-time kinetics of
binding using a surface plasmon resonance optical biosensor
assay (11, 42). For the initial biosensor experiments, we at-
tached hCSD from human HP1a directly to the sensor surface.
A nonbinding hCSD mutant (I165K) was used as a negative
control or reference surface. The analyte for these surfaces was
the hKAg polypeptide. hKAg was monomeric on the surface,
since its concentration was too low to produce significant
dimers, based on the Kd obtained by analytical ultracentrifu-
gation experiments. While specific binding in a dose-depen-
dent manner was observed, we wished to eliminate artifacts
caused by direct immobilization of the ligand on the sensor
surface and thus oriented the CSD ligand by capturing GST-
CSD fusion protein via anti-GST antibodies. We also exam-
ined the reverse configuration by capturing GST-KAg (amino
acids 408 to 584) on the surface and used hCSD as the analyte.
Here, the reference surface was GST-KAg bearing the mut2

double substitution. Table 1 provides a summary of the data
and the kinetic parameters obtained. Overall, a model of a
preformed CSD dimer interacting with a KAg monomer with
single-step 1:1 Langmuir binding kinetics best described the
data. However, the binding of hKAg to high levels of the
GST-CSD ligand fitted best to a model with a heterogeneous
ligand having two different affinities. The association rate con-
stants (kon) derived for this binding showed apparent low- and
high-affinity sites with a 100-fold difference, while the dissoci-
ation rate constants (koff) did not vary more than 2-fold. In-
deed, the koff values for all of the interactions in the optical
biosensor assay were high and consistently in the range of 1022

second21. This finding was true for hKAg binding to directly
coupled hCSD ligand, although the kon value was lower than
that obtained with GST-CSD ligand and could have been due
to inactivation of ligand binding activity as a result of chemical
cross-linking (data not shown). While the association rate con-
stants for binding between hKAg and the CSD dimer could not
be fit precisely to a 1:1 interaction model, no other model was
able to more accurately describe the association phase. Nev-
ertheless, the koff and apparent Kd values determined by global
analysis are similar, with an approximate Kd of 60 nM. This
value is also consistent with the tight hCSD-hKAg complex
observed in the analytical ultracentrifugation experiments.

Repressor function of HP1 proteins. Since our data suggest
that the KAP-1 corepressor exerts part of its activity through
HP1 proteins, we directly tested the effect of human HP1a on
transcription by fusing it to a heterologous DNA binding moi-
ety. NIH 3T3 cells were transiently transfected with effector
plasmids encoding a G4DBD-HP1 chimera and a luciferase
reporter plasmid carrying a minimal promoter linked to five
copies of the GAL4 upstream activating sequence (UAS). The
results of these assays, shown in Fig. 8, indicate that full-length
human HP1a and M31 are potent repressors of transcription.
Transcription repression can be achieved in a dose-dependent
manner, and the magnitude is similar to that produced by a
G4DBD–KAP-1 fusion. The results shown were obtained with
a luciferase reporter based on the herpes simplex virus thymi-
dine kinase (TK) promoter, but repression was also observed

FIG. 5. CAF-1 p150 binding by HP1a CSD mutants. A GST fusion protein bearing the HP1 binding region from the p150 subunit of human CAF-1 (amino acids
187 to 248) was purified to homogeneity from bacteria and used in binding reactions with purified hCSD polypeptides as described in the legend to Fig. 4. The
Coomassie blue-stained gel is shown, and the input hCSD was loaded into lanes 1. The migration of molecular mass standards (kilodaltons) is indicated to the right.
Asterisks mark reactions where no hCSD binding was observed. wt, wild type.
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when the simian virus 40 early promoter or the adenovirus
major late promoter was used (data not shown). In each case,
the distance between the GAL4 UAS elements and the pro-
moter is less than 200 bp. Deletion of the CSD from HP1a
eliminated all repressor activity. The same deletion reduced
but did not eliminate repressor activity in M31, demonstrating
that the CSD is important for transcription repression by the
HP1 proteins. Chimeras expressing the hinge region plus the
CSD or the CSD alone were able to repress transcription to
the same extent as the full-length protein (Fig. 8). Together, the
data strongly suggest that the HP1 proteins can function as
transcription repressors when targeted to DNA and that the
CSD is necessary and sufficient for this activity.

We next tested the effect of the 12 targeted mutations within
the CSD on transcription repression in transiently transfected
cells. Interestingly, all mutants which were unable to bind

KAP-1 were also unable to repress transcription (Fig. 9A).
This correlation was also largely true for CSD mutants that
retained KAP-1 binding activity; i.e., they showed transcription
repression activity approximating the level of KAP-1 binding.
For example, the K159D mutant binds KAP-1 strongly and
represses transcription at the level seen for the wild-type CSD,
while the G116E mutant binds less efficiently to KAP-1 and has
repressor activity less than half that of the wild-type CSD. Note
that the same correlation exists for CAF-1 p150 and SP100 but
not for LBR, since the K159D mutant retains repressor activity
but fails to bind LBR (see summary in Fig. 2C). We confirmed
that these fusion proteins were expressed at similar levels (Fig.
9B) and retained DNA binding activity (data not shown).
Therefore, the differences in the transcription repression ac-
tivities of these mutants could not be attributed to protein
instability or their inability to bind DNA. Taken together, the

FIG. 6. Gel filtration analyses of the binding domains of the KAP-1–HP1a complex. (A) Six-His fusion polypeptides, hKAg (amino acids 423 to 589), and hCSD
(amino acids 97 to 191) were expressed in bacteria, purified under denaturing conditions, and refolded as described in Materials and Methods. The polypeptides were
applied to a Superdex 200 gel filtration column, and fractions surrounding the elution peaks were analyzed by SDS-PAGE and Coomassie blue staining. The formation
of an hKAg-hCSD complex was obtained by refolding the polypeptides together in 1:1 or 1:3 molar ratios (middle panels). The same method was used for forming an
hKAg-hCSD mutant I165K complex (bottom panel). Mixing the separately purified polypeptides resulted in identical elution profiles. Fraction (frxn.) numbers
corresponding to elution volume (milliliters) are shown above and below. The elution profile of molecular mass standards is indicated at the top. Note that the complex
containing the two wild-type (wt) polypeptides is found in a novel higher-molecular-weight fraction and is not observed with the hCSD I165K mutant. (B) Semilog plot
of the molecular masses based upon the protein standards versus elution volume and the apparent molecular masses of the individual polypeptides and the complex.
(C) Plot of the protein content (absorbance at 280 nm [AU]) versus elution volume. The traces near the elution peaks are shown for the hKAg and hCSD polypeptides
and the complexes. Note that the hKAg-hCSD (1:3) complex contains free hCSD. The trace for hCSD alone has a baseline drift and does not indicate the presence
of protein in these fractions.
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FIG. 7. Analytical ultracentrifugation analyses of the binding domains from
the HP1a–KAP-1 complex reveal 2:1 stoichiometry. (A) Sedimentation equilib-
rium data for three concentrations of hKAg at 34,800 rpm and 4°C. The three
data sets were fitted simultaneously using the nonlinear regression program
NONLIN (24). The raw data (circles) and the global fit of an ideal monomer-
dimer model (lines) are shown. The upper panels (a to c) show the residuals of
the curves fitted to the data points for the three protein concentrations, from
highest to lowest (top to bottom). (B) Sedimentation equilibrium data for hCSD
at 4°C. The four data sets were fitted simultaneously with a model describing
dimers and tetramers using nonlinear regression. The lower panels show the
concentration-versus-radius data for two loading concentrations, 1.5 and 0.7
mg/ml, at rotor speeds of 24,000 rpm (left) and 31,000 rpm (right). The calcu-
lated fit and raw data are shown as described for panel A. The upper panels show
the residuals of the curves fitted to the data points for the high (top) and low
(bottom) protein concentrations. (C) Analysis like that in panel B but with an
hCSD-hKAg complex isolated by gel filtration at two concentrations, 1.2 and 0.6
mg/ml, and rotor speeds of 21,000 rpm (left) and 25,000 rpm (right). The best fit
of the data was to a model describing a 2:1 complex of the hCSD and hKAg
polypeptides and a small amount of a tetrameric hCSD species. The upper panels
correspond to residuals of the fitted data for the high (top) and low (bottom)
protein concentrations.
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data suggest that the transcription repression activity of the
CSD is related to its ability to bind KAP-1 and underscore the
functional significance of proper formation of a KAP-1–HP1
complex.

In addition, we tested the transcription repression potential
of other HP1 partners by fusing their HP1 binding regions to
G4DBD. Fusion proteins were expressed at similar levels in
transfected cells, as determined by immunoblotting or immu-
noprecipitation with G4DBD antisera (data not shown). The
data from these transient transfections with the TK-based lu-
ciferase reporter are shown in Fig. 10A. We also examined a
point mutation in the CD corresponding to the D. melanogaster
mutant allele Su(var)2-0502 (14) and found that it did not affect
the transcription repression function of human HP1a, support-
ing the notion that when tethered to DNA, the CSD is largely

responsible for repressor function. Both the KAP-1 and the
SP100 HP1 binding regions show significant degrees of tran-
scription repression when tethered to DNA, is consistent
with our analysis of KAP-1 (52) and earlier work on the SP100
protein (33). A modest degree of transcription repression was
observed for the CAF-1 p150 chimera, while no repression
activity was observed for the LBR chimera. The reasons for
these results are at present unclear, but our results may indi-
cate that these domains cannot or do not work simply as
HP1-recruiting moieties in this transcription assay.

This point was further addressed by examining the potential
for each of the HP1 binding regions from KAP-1, SP100, LBR,
and CAF-1 p150 to interfere with or act as a squelcher of
HP1-mediated transcription repression. Increasing amounts of
plasmids expressing the HP1 binding regions from the afore-

TABLE 1. Biosensor-derived kinetic constants for interaction of the recombinant CSD dimer and KAg

Ligand (RU) Analyte (M26) kon
a (M21 s21) koff

a (s21) Kd
b (M) x2

GST-CSDc (500) hKAg (0.08–1.0) (3.31 6 0.042) 3 105 (1.46 6 0.007) 3 1022 4.43 3 1028 9.0
(9.73 6 0.099) 3 103 (1.17 6 0.007) 3 1022 1.20 3 1026

GST-CSD (150) hKAg (0.08–1.0) (1.34 6 0.032) 3 105 (3.82 6 0.083) 3 1022 5.89 3 1028 3.12
GST-KAg (,50) hCSD (1.0–10.0) (1.44 6 0.067) 3 105 (1.12 6 0.011) 3 1022 7.82 3 1028 0.38

a Standard errors (SE) calculated for globally fitted kinetic constants are shown. Values are means 6 SE.
b Apparent equilibrium dissociation constant calculated from koff /kon.
c The data were best described by a model in which two independent interaction sites of lower and higher affinities were present (the two sets of values).

FIG. 8. Transcriptional repression by HP1 proteins is mediated by the CSD. Plasmids expressing G4DBD fusions were cotransfected into NIH 3T3 cells with a fixed
amount of a luciferase reporter carrying five copies of a synthetic GAL4 UAS in front of a minimal herpes simplex virus TK promoter. The amounts of transfected
plasmids (0.5, 1.0, and 5.0 mg) expressing the G4DBD fusion proteins are shown as triangles on the y axis. The pcDNAlacZ plasmid was included to normalize
transfection efficiencies. The portions of human HP1a, mouse M31, or KAP-1 fused to G4DBD are schematically drawn as in Fig. 2 and indicated by amino acid
numbers in the construct names. In KAP-1, H denotes the HP1BD and Br denotes the bromodomain. Three independent transfections were carried out, and the
average value for fold repression, along with the standard error, is given. Fold repression was calculated from the basal luciferase activity obtained from cells transfected
without a G4DBD plasmid. A parallel series of transient transfections was carried out with a luciferase reporter lacking the GAL4 UAS sites, and this nonspecific fold
repression was subtracted from the values obtained for transfections with the GAL4 UAS site-containing luciferase reporter. NLS, nuclear localization signal.
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mentioned proteins were cotransfected with constant amounts
of a G4DBD-HP1 expression plasmid and a luciferase reporter
plasmid. We first assessed the ability of the KAP-1 fragment
(amino acids 381 to 618) and found a dose-dependent relief of
HP1-mediated repression (Fig. 10B). Significant squelching
was also observed with the mut1 version of KAP-1 but not with
the mut2 version, which is incapable of binding HP1. A frag-
ment from CAF-1 p150 harboring the MIR was also capable of
squelching or relieving HP1-mediated repression. The HP1
binding domains of SP100 and LBR were ineffective in reliev-
ing HP1-mediated transcription repression (Fig. 10B). Inter-
estingly, the level of HP1-mediated repression increased mod-
erately with increasing doses of the HP1 binding region from
SP100. Thus, these HP1 binding regions appear to act differ-
ently in modulating HP1 effects on transcription, and this be-
havior may relate to the manner in which they bind the CSD.

DISCUSSION

HP1 binding is mediated by a short motif, HP1BD, in
KAP-1. In this report, we examined in detail the interaction
between KAP-1 and members of the HP1 family. Using re-
combinant proteins, we were able to pinpoint a stretch of 15
residues in KAP-1 which is sufficient for direct binding of HP1
proteins (HP1BD). The HP1BD is located in the middle of the

KAP-1 molecule, a region that contains a high proportion of
prolines and glycines and that does not fit well with secondary
structure predictions. Analytical ultracentrifugation shows that
hKAg is predominantly a monomer and that dimer formation
occurs only well above physiological concentrations. In addi-
tion, protease treatment shows that virtually the entire central
portion of KAP-1 is susceptible to cleavage, and analysis by
circular dichroism has shown that the hKAg polypeptide con-
tains little a-helix or b-sheet structure (X. Li, M. S. Lechner,
and F. J. Rauscher III, unpublished data). Thus, it is very likely
that this region has a highly extended and perhaps flexible
conformation.

This central region of KAP-1 is situated between the RBCC
domain and the tandem PHD-bromodomain and is the least
conserved among the members of the TIF1 family (61). How-
ever, the HP1BD does contain well-conserved residues (Fig.
1B). Mutation of a pair of residues within the minimal con-
sensus sequence (the PXVXL motif) in either KAP-1 or TIF1a
completely abolishes HP1 binding (32, 52). Likewise, mutation
of conserved residues in the PXVXL motif in the MIR of
CAF-1 p150 completely disrupts M31 interactions (41). During
the preparation of this article, results reported from phage
display experiments revealed a peptide motif which was capa-
ble of binding the D. melanogaster HP1 CSD and which was
extremely similar to the CAF-1 p150 MIR and the KAP-1
HP1BD (57). The authors also speculated that a sequence
similar to the PXVXL motif might also be present in the CSD
itself and might provide a basis for the multimerization of HP1
proteins (see below). Database searches reveal that a few ex-
pressed sequence tags from previously uncharacterized gene
products also have such a motif. We are currently testing
whether these polypeptides have similar affinities for HP1 pro-
teins or if certain sequences show tighter binding. This infor-
mation might indicate that the context of the HP1BD or
PXVXL motif within a polypeptide would have an impact on
association and that there are preferred partners for HP1.

Different binding motifs and potential transcriptional reg-
ulatory mechanisms for HP1 partners. The CSD of HP1 pro-
teins is responsible for KAP-1 binding. The CSD has been
shown to specifically bind several other proteins: CAF-1 p150
(41), LBR (67), and SP100 (33, 54). Interestingly, among these,
only CAF-1 p150 appears to contain the HP1BD described
above. SP100 is an integral component of a set of discrete
nuclear bodies, also referred to as ND10 (37). LBR is found on
the inner surface of the nuclear envelope and may participate
in the attachment of nuclear lamina and heterochromatin to
this membrane (21). For both of these proteins, it is tempting
to speculate that they affect the sublocalization of HP1 pro-
teins within the nucleus. Indeed, there are reports that directed
localization of genes to the nuclear periphery results in silenc-
ing (4). We have analyzed the transcription repression poten-
tial of each of the HP1 binding regions from KAP-1, CAF-1
p150, SP100, and LBR by fusing them directly to a heterolo-
gous DNA binding domain. We have confirmed that the SP100
chimera has moderate repression activity (33), as does the
KAP-1 chimera, noting that when it contains the tandem PHD-
bromodomain, more repression activity is observed (Fig. 8 and
10B). The regions from CAF-1 p150 and LBR which were
tested are relatively much weaker in this transcription repres-
sion assay. While several factors, such as correct protein fold-
ing, could affect the output of such an assay, it is possible that
the different HP1 binding regions do not recruit HP1 proteins
to a promoter in the same manner. That is, when it binds to a
particular partner, HP1 may be uniquely regulated. Given that
KAP-1 and CAF-1 p150 have essentially identical CSD binding
motifs, it is probable that flanking sequences affect HP1 activ-

FIG. 9. Transcriptional repression by the HP1a CSD is correlated with its
ability to bind KAP-1. Three independent transfections were conducted with
plasmids (5 mg) expressing G4DBD fusions to human HP1a CSD mutants, and
fold repression was calculated as described in the legend to Fig. 8. Asterisks
indicate mutants that displayed little or no repression activity, as evidenced by
analysis with G4DBD alone. The bottom panel shows the results of an anti-
G4DBD immunoprecipitation from a duplicate transfection series in which cells
were metabolically labeled with [35S]methionine. The large arrow marks the CSD
fusion protein, and the small arrow marks G4DBD alone. wt, wild type.
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ity upon binding. This idea will be especially interesting to
investigate.

Common residues in the HP1 CSD are essential for the
repression function and protein interactions. The CSD was
first identified by its resemblance to the CD, which can be
found in proteins outside the HP1 family, such as Polycomb,
SUVAR39H1, and CHD-1 (2, 47, 56). In contrast, the CSD
has been found only in the HP1 family and is always located at

the carboxy terminus, suggesting that its function has evolved
in a close relationship to that of the CD at the amino terminus.
The structure of the CD from the mouse M31 protein has been
elucidated by nuclear magnetic resonance spectroscopy (5).
The overall folding is similar to that of two archaebacterial
proteins, Sac7d and Sso7d, which have DNA binding activity
(20, 51), and Ball et al. (5) speculate that the CSD may adopt
the same folding pattern. Interestingly, one study has found

FIG. 10. Modulation of transcription by the HP1 binding regions from KAP-1, SP100, LBR, and CAF-1 p150. (A) Direct assessment of the effect on basal
transcription of the HP1 binding regions from KAP-1, SP100, LBR, and CAF-1 p150. Plasmids expressing G4DBD fusions were cotransfected as outlined in the legend
to Fig. 8, and fold repression was plotted. The amino acids encoded are indicated below the constructs. For comparison, full-length human HP1a was also tested. Also
shown are the results for a point mutation engineered in the human HP1a CD (V21M), corresponding to the D. melanogaster mutant allele Su(var)2-0502 (14). H,
HP1BD. (B) Squelching of human HP1a-mediated transcription repression. A series of cotransfections were conducted with a constant amount of pM-HP1a2-191 (2
mg) and increasing amounts of plasmids expressing six-His fusions with the HP1 binding regions from KAP-1, SP100, LBR, and CAF-1 p150 (amounts, in micrograms,
are indicated on the y axis). Asterisks indicate the position of mutations in HP1a (V21M) and in KAP-1 (mut1 and mut2).
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that human HP1a can bind DNA, although the activity maps
only partially to the CD and is without any apparent sequence
specificity (59). In vivo studies indicate that the CD from D.
melanogaster HP1 or Pc can direct proteins to different sites on
chromosomes (49). Other work has shown that the CD is not
required for heterochromatin binding and that the CSD is
necessary for this activity (50). The matter of the association
with heterochromatin or DNA itself is not completely resolved
and may be complicated by the fact that the CD and the CSD
have some similar attributes, e.g., self-association (see below).
Our studies nevertheless point to a clear difference in the two
domains; the CSD and not the CD is responsible for both
KAP-1 binding activity and transcription repression function.

In our analysis of the human HP1a CSD, we selected several
residues for mutation based on the differences which discrim-
inate the CSD from the CD. Although the mutations that we
designed were in most cases nonconservative changes, their
ability to disrupt KAP-1 binding did not appear to fall into an
easily recognizable pattern. The carboxy-terminal half of the
CSD shows the most divergence from the CD, and of the 12
mutants that we generated, 3 out of 4 that fail to bind KAP-1
fall within this area. It is possible that the carboxy-terminal
region has evolved a specialized function for binding to the
KAP-1 corepressor, CAF-1 p150, and other nuclear proteins,
such as SP100 and LBR. In the M31 CD structure, an a helix
at the carboxy terminus sits in a hydrophobic pocket created by
antiparallel b sheets in the amino terminus (5). While many of
the mutations that we designed lie within these predicted sec-
ondary structure motifs, not all were found to be disruptive,
i.e., to eliminate partner protein interactions and the repres-
sion activity of the human HP1a CSD. A more detailed study
at the atomic level will be necessary to determine the exact
folding of the CSD and to show which residues are critical for
protein-protein interactions.

We have found that the human HP1a CSD directly binds to
recombinant CAF-1 p150, SP100, and LBR proteins and that
the mutants that fail to bind KAP-1 also fail to bind these three
partners. It is possible that these mutations cause gross
changes in the structure of the CSD so that it is no longer able
to bind any of its partners. Cross-linking studies show that each
of the mutant hCSDs can multimerize essentially like the wild-
type polypeptide, suggesting that the overall structure has not
been disrupted (M. S. Lechner and F. J. Rauscher III, unpub-
lished results). However, we cannot rule out the possibility that
there are still subtle effects on dimerization which cannot be
revealed by such assays. The I165K CSD mutation lies within
a putative PXVXL-like motif described by Smothers and Heni-
koff (57). This mutation could affect dimerization, and we did
observe a significantly altered elution profile in gel filtration
compared to that of wild-type hCSD. It is also possible that the
CSD mutations reducing binding coincide with contact resi-
dues shared by each of the partner proteins and that they use
the same surface for interaction. This situation would be ex-
pected for KAP-1 and CAF-1 p150, which appear to use the
same HP1 binding motif. In support of this view, we have not
been able to isolate hCSD in a ternary complex with a combi-
nation of the KAP-1, CAF-1 p150, SP100, and LBR polypep-
tides (Lechner and Rauscher, unpublished).

The reduced repression activity observed for the V151A
CSD mutant is consistent with the results of a previous study
which also found that the V151A mutant interacted with SP100
as well as wild-type human HP1a in a yeast two-hybrid assay
(33). Our studies using recombinant proteins indicate that the
V151A mutant does not bind to SP100 (or to KAP-1 or LBR)
as strongly as does wild-type CSD. Thus, the V151A mutation

in human HP1a compromises interactions with some partners
and may be related to reduced transcription repression activity.

It should be kept in mind that the transcription repression
defect in our CSD mutants may be a result of a failure to
interact with any of these partners or other factors known to
bind HP1 proteins. Candidates include INCENP (3), SU(VAR)
3-7 (12), SUV39H1 (1), and origin recognition complex sub-
units (46). However, the molecular details of the interactions
of HP1 proteins and these proteins have yet to be determined.

Oligomerization and function of the CSD. The ability of the
HP1 proteins to self-associate is likely to be critical for their
function in heterochromatin regulation. The dose-dependent
phenotypes seen in D. melanogaster would support the notion
that multimerization of the HP1 proteins is important for the
formation and spreading of heterochromatin. A more recent
study has shown that the degree of suppression or enhance-
ment of variegating transgenes in mice is correlated with the
level of expression of the M31 protein (17). We have shown
that the CSD of human HP1a forms oligomers in solution and
preferentially exists as dimers. These data are consistent with
the results of a previous study demonstrating that the CSD can
be cross-linked into species representing dimers, trimers, and
tetramers, while the CD exists mainly as a dimer after cross-
linking (66). The CD from the murine Polycomb homolog,
mPc1, has also been shown to multimerize in solution (13).
Other studies have further demonstrated an interaction be-
tween CSDs from different HP1 proteins (32, 67). Multimer-
ization (homo- or heterotypic) may be a common feature of
these two domains, and it might be feasible to generate dom-
inant negative molecules to interfere with HP1 function.

HP1 isolated from D. melanogaster embryos exists as three
distinct oligomeric species (22). M31 and mouse HP1a isolated
from stable cell lines can also be found in high-molecular-
weight complexes, while M32, which is predominantly located
in euchromatin, is restricted to low-molecular-weight fractions
(1). The presence of three HP1 species (in mammals or flies)
which have distinct subnuclear localization and biochemical
properties suggests that they are important for demarcating
chromatin territories. Such territories might be characterized
not only by transcription output but also by replication timing,
recombination potential, and DNA damage susceptibility. Fur-
thermore, HP1 proteins have been implicated in maintaining
chromosomal integrity by preventing telomere fusion (16), and
it remains to be tested whether any of the HP1 binding part-
ners, such as KAP-1, also play a role in this process.

Stoichiometry of the HP1–KAP-1 complex and macromolec-
ular assembly. The region of KAP-1 which interacts with HP1
proteins behaves as a monomer in solution and is found in a 1:2
complex with the CSD. Additional biochemical studies of the
KAP-1 molecule show that it likely exists as a trimer in solution
and that this property is mediated by the RBCC domain (48).
While the Kd for dimerization of the KAg fragment is not near
physiological levels, trimer formation in the full-length KAP-1
molecule might enhance this weak dimerization function. Pre-
liminary experiments with a trimeric form of KAP-1 indi-
cate that it binds to the CSD with different kinetics than KAg
and lower koff values (M. S. Lechner, G. Canziani, and F. J.
Rauscher III, unpublished observations). Hence, a functional
KAP-1 corepressor might bring together six or more HP1 mol-
ecules and further nucleate HP1 multimerization. We have
also shown in a previous study that KAP-1 from cell extracts
can interact with the KRAB domain bound to DNA and still
bind HP1 proteins (52). Hence, there is evidence that KAP-1 is
capable of acting as a bridging molecule between DNA-bound
factors and HP1 proteins and represents a possible mechanism
for gene-specific targeting of HP1 proteins and initiation of
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heterochromatin formation. Additional experiments indicate
that a KRAB–KAP-1–HP1 ternary complex can be formed in
vitro with recombinant polypeptides (M. S. Lechner, H. Peng,
and F. J. Rauscher III, unpublished observations). The forma-
tion of this complex by bacterial proteins indicates that post-
translational modifications are not required for binding. None-
theless, they may play a role in regulating interactions in vivo,
where it is known that the KAP-1 and HP1 proteins exist as
phosphoproteins (22, 39). A few candidate protein kinases
have recently been implicated, including, perhaps, TIF1 family
members themselves (30, 45, 71). Moreover, the PHD and the
bromodomain at the carboxy terminus of KAP-1 could inte-
grate additional factors that play a role in HP1 recruitment and
regulation. It will be important for future studies to examine
how HP1 binding to different partners is regulated in the nu-
cleus and to determine the consequences of these different
interactions.
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