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KAP-1, a novel corepressor for the highly
conserved KRAB repression domain
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The KRAB repression domain is one of the most widely distributed transcriptional effector domains yet
identified, but its mechanism of repression is unknown, We have cloned a corepressor, KAP-1, which
associates with the KRAB domain but not with KRAB mutants that have lost repression activity. KAP-1 can
enhance KRAB-mediated repression and is a repressor when directly tethered to DNA. KAP-1 contains a RING
finger, B boxes, and a PHD finger; the RING-B1-B2 structure is required for KRAB binding and corepression.
We propose that KAP-1 may be a universal corepressor for the large family of KRAB domain-containing

transcription factors.
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Transcriptional regulation of gene expression is medi-
ated primarily by DNA sequence-specific transcription
factors, which are generally composed of a DNA-binding
domain and one or more separable effector domains that
may activate or repress transcriptional initiation (for re-
view, see Tjian and Maniatis 1994; Zawel and Reinberg
1995). Activation domains may function by direetly in-
teracting with components of the basal transcriptional
machinery, thereby nucleating, stabilizing, and/or facil-
itating the assembly and initiation of the RNA pol 1l
transcription complex. Alternatively, activation do-
mains may function through a novel class of intermedi-
ary molecules variously termed adaptors or coactivators
(for review, see Guarente 1995). These intermediary mol-
ecules must be tethered to the DNA template via pro-
tein—protein interactions with the effector domain of the
DNA-bound transcription factor, thus serving to bridge
the activation domain to the ultimate downstream tar-
get.

In contrast to our knowledge of activators, less is
known regarding the mechanisms utilized by repression
domains. Not surprisingly, repression domains may con-
tact components of the basal transcription machinery
{(Fondell et al. 1993, 1996; Baniahmad et al. 1995; Sauer
et al. 1995; Um et al. 1995} or molecules with propertics
suggestive of corepressor function. Emerging models of
repressor—corepressor interaction include hairy—groucho
in Drosophila (Paroush et al. 1994; Fisher et al. 1996),
SSN6/TUP1-MCMI1/MATa2 in veast (Keleher et al.
1992; Cooper et al. 1994; Tzamarias and Struhl 1994),
MAD/MAX-mSIN-3 in mammalian cells (Aver et al.
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1995; Schreiber-Agus et al. 1995], and N-CoR or SMRT
interaction with the nuclear hormone receptor family
{Chen and Evans 1995; Horlein ct al. 1995). A common
theme among these examples is that mutations in the
DNA-bound repression domain that abolish interaction
with the corepressor molecule also eliminate the repres-
sion function.

The KRAB (Krippel-associated box] is a repression do-
main [Fig. 1) that is encoded by many transcription fac-
tors. It was originally identified in humans as a con-
served amino acid sequence motif at the amino termini
of proteins that contain multiple TFHIA/Kriippel-class
Cys,-His, (C,H,) zinc fingers in their carboxyl termini
{Bellefroid et al. 1991). The KRAB domain has now been
identificd in frog, rodent, and human zinc-finger protcins
{Altaba et al. 1987; Thiesen et al. 1991; Constantinou-
Deltas et al. 1992; Witzgall et al. 1994; Vissing et al.
1995). Between 300 and 700 human genes encode C,H,
zinc-finger proteins {Klug and Schwabe 1995}, and one-
third of these contain KRAB domains {Bellefroid et al.
1991). To date ~65 unique KRAB domain sequences
have been isolated. The KRAB domain homology (Fig. 1)
consists of ~75 amino acids, is divided into A and B
boxes {on the basis of common intron—exon boundaries),
and is predicted to iold into two charged amphipathic
helices {Bellefroid et al. 1991).

The KRAB domain is a potent, DNA binding-depen-
dent repression domain [Margolin et al. 1994; Witzgall et
al. 1994; Pengue et al. 1995; Vissing et al. 1995). The
minimal KRAB repression module is ~45 amino acids,
and substitutions for conserved residues within this do-
main abolish repression. To date, 10 KRAB domains
have been demonstrated to be potent repressors, suggest-
ing that this is a common property of independently en-
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Figure 1. Comparison of the KRAB domains
from various zinc-finger proteins. The amino
acid sequences of 16 KRAB domains (retrieved
from sequence data bases and referenced in the

Consensus:
text) are aligned. Each gene encodes the indicated
KRAB domain at its amino terminus; the super- s
script numeral at the left of each sequence indi-  znF90
cates the position of the amino acid with respect Zgg?il
to the initiator methionine. The zinc fingers en-  zyras
coded by each gene are not shown. The KRAB Nkl10
domain consensus sequence is presented at the iﬁii%
top and consensus residues (indicating >90%  zNF91
identity) are in bold throughout. Capital, lightface }Z(;Ei;
letters in the consensus indicate the next most  zyr140
frequent residue in that position. The substitu- 2zNF133
tion mutations DV — AA and MLE — KKK in sor )
the KOX1 KRAB domain dramatically reduce re-
pression activity (Margolin et al. 1994). A dot in-  ¥O%!
dicates a gap introduced to facilitate alignment.  Mutations:

coded KRAB domains. Thus, the KRAB-zinc-finger pro-
tein (KRAB-ZFP) family represents a large, mechanisti-
cally unexplored class of transcriptional repressor
molecules.

KRAB-ZFPs are likely to play important regulatory
roles during development. Expression of the KRAB-ZFP
KIDI is temporally and spatially restricted to the devel-
oping mouse kidney (Witzgall et al. 1993). A cluster of
>40 KRAB-ZFP-encoding genes has been identified on
human chromosome 19p12-p13.1, and several members
of this cluster are differentially expressed during T-cell
ontogeny and activation (Bellefroid et al. 1993). Expres-
sion of the KRAB-ZFPs HPF4, HTF10, and HTF34 is
down-regulated during myeloid differentiation (Belle-
froid et al. 1991). Finally, a number of KRAB-ZFPs are
candidate genes for human diseases on the basis of chro-
mosomal location (Tommerup et al. 1993; Crew et al.
1995).

The mechanism of repression by the KRAB domain is
not known. In this study, we have identified KRAB-as-
sociated protein-1 (KAP-1), a novel protein that binds to
the KRAB domain and functions as a transcriptional
corepressor. KAP-1 is thus a potential mediator of repres-
sion for the large class of KRAB domain-containing tran-
scription factors.

Results

Evidence for a titratable cellular factor required for
KRAB domain-mediated repression

The KRAB domain of KOX1 (Fig. 1) is a potent repressor
of transcription when fused to the GAL4 DNA-binding
domain, and repression by GAL4-KRAB requires DNA
binding (Margolin et al. 1994). To determine if a titrat-
able cofactor is involved in repression, we attempted to
squelch GAL4-KRAB-mediated repression by cotrans-
fection of a non-DNA-bound KRAB domain expression
plasmid (Fig. 2A) (unless otherwise noted, throughout
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this study the KRAB domain from the KOX1 protein was
utilized). Typically, squelching refers to the inhibition of
transcriptional activation that is observed in the pres-
ence of excess non-DNA-bound activator domain; this is
thought to reflect competition for a limiting cofactor re-
quired for activation by the DNA-bound transcription
factor (Gill and Ptashne 1988). By analogy, squelching of
repression by the KRAB domain would thus indicate that
the KRAB domain functions through a titratable core-
pressor. As reported previously (Margolin et al. 1994}, the
GAL4-KRAB fusion protein strongly represses transcrip-
tion from a reporter plasmid containing five GAL4 UAS
binding sites (Fig. 2B, lanes 2,5). However, cotransfection
of GAL4-KRAB domain with a plasmid encoding the
KRAB domain alone inhibited repression >50-fold in a
dose-dependent manner (lanes 3,4,6,7). Transfection of
the KRAB domain plasmid alone had little effect on the
reporter plasmid (lanes 9,10).

The amino terminus of the WT1 protein lacks a KRAB
domain yet exhibits a potent transcriptional repression
function when fused to GAL4 (Madden et al. 1991). To
determine whether the KRAB repression domain and the
WT! repression domain function via similar titratable
cofactors, we attempted to squelch GALA-WT1-medi-
ated repression with the KRAB-encoding plasmid (Fig.
2B). Transcriptional repression mediated by GAL4-WT1
was unaffected by increasing concentrations of KRAB
(lanes 12,13}, suggesting that these two repression do-
mains do not share a common target detectable by this
squelching assay.

Purification of a 100-kD KRAB domain-binding
protein

We sought to identify cellular factors that bind to KRAB
domains using affinity chromatography. We constructed
glutathione-S-transferase fusion genes (Fig. 3) encoding
the wild-type (GST-KRAB) and a mutant KRAB domain
(GST-KRAB, DV — AA) that lacks repression activity.
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Figure 2. Squelching of KRAB domain-mediated transcrip-
tional repression. {A) Schematic representation of plasmids used
in transfection assays. The GAL4({1-147) DNA-binding domain
was fused to the indicated regions of the KOX1 KRAB domain
and the WTI repression domain to generate GAL4-KRAB and
GAL4-WTI. For squelching, the KRAB domain of KOXI
(KRAB) was expressed without a DNA-binding domain. The
reporter plasmid (5xGAL4-TKCAT) consists of the CAT gene
downstream of the thymidine kinase promoter and five artifi-
cial GAL4 upstream activating sequences (UAS). (B) The indi-
cated amounts (in micrograms) of the expression plasmids were
transfected with the reporter plasmid into NIH-3T3 cells, and
CAT activity in transfected cell extracts was measured and
quantified as described in Materials and methods. The amount
of activity in the absence of both GAL4-KRAB and GAL4-WT1
was assigned a level of 100% activity; other levels are expressed
relative to this value.

These proteins were soluble and highly expressed in E.
coli (Fig. 3A). Sepharose beads bound to either wild-type
or mutant proteins were incubated with a nuclear ex-
tract from [**SJmethionine-labeled cells (Fig. 3B). The
beads were washed with stepwise increases in salt con-
centrations, and the proteins that remained bound after
each wash were analyzed by SDS-PAGE (Fig. 3B). A 100-
kD protein (p100) was retained by the wild-type GST—
KRAB resin but did not bind to the GST-
KRAB(DV — AA) mutant resin or GST alone. The 100-
kD protein was also retained on the GST-KRAB resin in
a single-step purification procedure after extensive wash-
Ing in buffer containing 0.5 M NaCl and 0.1% Triton
X-100 (Fig. 3C). GST-fusion proteins encoding KRAB do-
mains from four other proteins, ZNF133, ZNF140, KRK-
1, and EEK-1 (Fig. 3C), bound to pl100, suggesting that
this may be a general property of KRAB domains. p100
failed to bind to two KRAB-domain substitution muta-
tions {DV — AA, Fig. 3B, and MLE - KKK; data not

KAP-1, a corepressor for the KRAB domain

shown} that greatly diminish repression activity (Mar-
golin et al. 1994).

A KRAB-binding protein of identical mobility was also
detected in extracts from Rh30, COS1, and RD cells,
suggesting that pl00 is conserved in mouse, monkey,
and human (data not shown). Moreover, when a 3*P-
labeled recombinant KRAB protein was used as a probe
in a Far Western blot assay, a 100-kD protein was de-
tected that was not observed when an identical blot was
probed with 3?P-labeled KRAB (DV — AA) protein (data
not shown). These results suggest that the KRAB-p100
interaction is direct. The correlation between loss of re-
pression and loss of binding to p100 observed with the
KRAB mutants indicates that p100 may play a critical
role in KRAB-mediated repression.

Cloning of KAP-1

A preparative-scale purification of KRAB-binding pro-
teins from calf-thymus extract yielded a 100-kD protein
that bound to wild-type GST-KRAB but not mutant
GST-KRAB(DV — AA). The purified protein was sub-
jected to microsequence analysis, and five peptide se-
quences were obtained. The amino acid sequence of one
of the peptides was used to design degenerate oligonu-
cleotide primers that were used in coupled reverse tran-
scription—polymerase chain reaction (RT-PCR). A 70 bp
PCR product was found to encode the original peptide
sequence and was used as a probe to isolate a 3.1-kb
c¢DNA clone from a human testis cDNA library.

The nucleotide sequence of this clone revealed a 300-
bp untranslated region (UTR) followed by a 2.5-kb open
reading frame, a 300-bp 3'-UTR, and a poly(A *] tail. The
predicted initiator methionine codon is within a favor-
able sequence context for translation initiation (Kozak
1992) and is immediately preceded by an in-frame stop
codon. The longest open reading frame encodes a poly-
peptide of 835 amino acids (Fig. 4A), with a calculated
mass of 89 kD and a pl of 7.6. In addition, all five peptide
sequences obtained in the original purification are en-
coded by the predicted open-reading frame. A BLAST
search {(Altschul et al. 1990) with the protein and nucle-
otide sequences indicated that we had isolated a novel
gene which we named KAP-1 (KRAB-associated pro-
tein-1).

Analysis of the predicted amino acid sequence of
KAP-1 revealed several regions similar to previously
identified protein motifs (Figs. 4A,B). At the amino ter-
minus a region rich in alanine is followed by a RING
finger {which conforms to the consensus C;HC,} and Bl
and B2 boxes, each of which are regions of conserved
cysteine and histidine spacing often found immediately
carboxy-terminal to the RING finger (for review, see
Freemont 1993). A region of predicted coiled-coil struc-
ture (Lupas et al. 1991} is then followed by another cys-
teine/histidine-rich structure recently identified as a
PHD finger (Aasland et al. 1995). The extreme carboxyl
terminus displays significant similarity to the bromo-
domain (Haynes et al. 1992). The overall architecture of
KAP-1 is similar to the TIF]1 protein (LeDouarin et al.
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Figure 3. Identification and purification of the
KRAB-binding protein p100. (A) The GST-KRAB 5
and GST-KRAB(DV — AA)| fusion proteins (indi-
cated by arrows) were expressed and purified as
described in Materials and methods. Each lane
represents 20 ul of 50:50 slurry separated by SDS-
PAGE and visualized by Coomassie blue stain-
ing. (B} Glutathione-Sepharose beads containing 6o
the proteins illustrated in Fig. A were incubated

in batch with an [**S|methionine-labeled NIH- as
3T3 nuclear extract and serially washed. Proteins
that remained bound after each step were ana-
lyzed by SDS-PAGE and fluorography. The arrow
indicates p100, a protein which bound to GST— o

GST-KRAB(DV-AA)

GST-KRAB

(kDa)

GST

o e W <

NaCl
(mM)

GST-KRAB
| GST-KRAB(DV-AA)

'iGST~KRKA1

(kDa) [ (kDa)
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|asT-EEK-1

<4p100Pp — 97
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KRAB (lanes 3-6) but not GST (lanes 1-3) or GST-KRAB(DV — AA) {lanes 7-9). The positions of the molecular weight markers are
given. (C) The pl00 KRAB-binding protein can be purified in a single step and binds to other KRAB domains. (Left) p100 {(arrow) was
purified as described in A except that six washes at 4°C in a buffer containing 0.5 m NaCl/0.1% Triton-X100 were performed prior to
analysis of protein by SDS-PAGE and fluorography. (Right) The KRAB domains derived from the indicated genes were purified as
GST-fusion proteins and used to detect binding of p100 {arrow).

1995; Miki et al. 1991), which interacts with the AF-2
region of nuclear hormone receptors (Fig. 4C).

The KAP-1 ¢cDNA encodes a 100-kD KRAB-binding
protein

To verify that the KAP-1 ¢cDNA encodes the 100-kD
KRAB-binding protein, we performed coupled in vitro
transcription and translation (IVT). A 100-kD protein
(Fig. SA, lane 6) was produced that was immunoprecipi-
tated {lane 5) by antisera raised against recombinant
KAP-1 (amino acids 423-589). The KAP-1 antisera im-
munoprecipitated a protein of identical mobility (lane 2)
from #°S-labeled COS1 nuclear extracts. Transfection of
an expression vector containing the KAP-1 ¢cDNA into
COSI1 followed by immunoprecipitation led to an ap-
proximately fivefold increase in the amount of this pro-
tein {lane 3). We conclude that the KAP-1 cDNA encodes
a full-length protein.

To confirm that KAP-1 is identical to the protein we
originally purified, we performed a serial GST-KRAB pu-
rification/immunoprecipitation experiment using nu-
clear extract from KAP-I-transfected COS1 cells (Fig.
5B). To allow us to distinguish endogenous KAP-1 from
the product of the transfected KAP-1 cDNA, we placed a
seven-residue epitope tag (which is recognized by anti-
myc monoclonal antibodies) at the carboxyl terminus of
KAP-1. Following transfection, the p100 KRAB-binding
protein was purified from 25S-labeled COS1 nuclear ex-
tracts by use of a GST-KRAB resin (Fig. 5B, lane 4). The
protein was then eluted from the resin with glutathione
and immunoprecipitated with either anti-KAP-1 serum
or myc-tag monoclonal antibody. The 100-kD protein
purified on the GST-KRAB resin comigrates with im-
munoprecipitated KAP-1 {lanes 2 and 3) and is precipi-
tated by the KAP-1 and myc-tag antisera (lanes 6,7}, but
not by preimmune serum (lane 5). Identical results were
obtained with endogenous KAP-1 protein from COS1
cells in a sequential GST-KRAB Western blot assay {data
not shown). These results strongly suggest that the
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KAP-1 cDNA encodes the p100 KRAB domain-binding
protein first identified in nuclear extracts.

KAP-1 forms a ternary complex with a DNA-bound
KRAB domain in vitro

If KAP-1 plays a role in KRAB-mediated repression, it
should be able to form a stable complex with a DNA-
bound KRAB domain. To detect such ternary complexes,
we used the electrophoretic mobility shift assay (EMSA).
In these experiments the KRAB domain was fused to the
DNA-binding domains of the human PAX3 protein. The
PAX3-KRAB protein was produced by IVT (Fig. 6A) and
DNA binding of the PAX3-KRAB protein was detected
via EMSA with a *2P-labeled e5 PAX3 recognition se-
quence (Goulding et al. 1991). When the PAX3-KRAB
protein was preincubated with increasing amounts of
COS1 nuclear extract, a new complex with reduced mo-
bility was observed (Fig. 6A, lanes 3-6). Incubation of
wild-type PAX3 IVT with nuclear extract failed to gen-
erate the new complex (data not shown). Moreover, the
PAX3-KRAB(DV — AA) protein failed to generate this
slowly migrating complex (lanes 8-12) following incuba-
tion with nuclear extract. Furthermore, purified, recom-
binant wild-type KRAB protein but not mutant
KRAB(DV — AA) protein was an effective competitor of
complex formation (Fig. 6B).

These data suggest that the new gel shift complex is
composed of DNA-bound PAX3-KRAB protein com-
plexed to a KRAB domain-binding protein present in the
nuclear extract. We identified this factor as KAP-1 using
an extract from COSI cells transfected with myc-tagged
KAP-1 (Fig. 7A}; the lower mobility complex was super-
shifted and/or disrupted by antisera specific for PAX3,
KRAB, KAP-1, and the myc epitope (lanes 4—7), but not
by preimmune serum (lane 3). Together, these results
strongly suggest that we have reconstituted the DNA-
bound KRAB-KAP-1 complex in vitro.

To isolate KRAB-KAP-1 complexes from a cellular mi-
lieu, we transfected COS1 cells with the PAX3-KRAB
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Figure 4. Amino-acid sequence of KAP-1. {A) The predicted amino acid sequence of the protein encoded by the KAP-1 open reading
frame. Conserved cysteine and histidine residues of the RING, Bl, B2, and PHD fingers are circled. The five peptides originally
sequenced are underlined. The relative locations of the RING, Bl, B2, coiled-coil, and bromodomains are indicated. The brackets
indicate the segment of KAP-1 expressed in Escherichia coli and utilized for antibody production. (B) Alignment of the KAP-1 RING
finger, PHD finger, and bromodomain-like regions with the corresponding sequences of related proteins. Residues in aligned proteins
that are identical to those of KAP-1 are in bold; those residues present in all four aligned proteins are boxed. For the RING finger and
PHD finger alignments, the consensus represents residues conserved in at least three of the four proteins. The bromodomain consensus
is taken from Eckner et al. {1994). Dashes indicate gaps inserted for alignment. Accession numbers (NCBI sequence ID): TIF1, 998813;
PML, 239750; RAD18, 131780; MI-2, 761718; RBP2, 138858; p300, 627657; TAF250, 115942. {C) Comparison of KAP-1 and TIF1. The
areas of homology to previously identified motifs are denoted by shaded boxes; regions characterized only by a richness in particular
amino acids are indicated. The middle line summarizes the percent identity between KAP-1 and TIF1 by region.

expression plasmid. Nuclear extracts from transfected
cells were then tested by EMSA with the *?P-labeled e5
DNA binding site (Fig. 7B). The predominant gel shift
complex comigrated with the complex reconstituted in
vitro, and it was supershifted or disrupted by the PAX3,
KRAB, and KAP-1 antisera (Fig. 7B). These results sug-
gest that a stable KRAB-KAP-1 complex is extractable
from transfected cells; it remains possible, however, that
association occurs after extraction from the nucleus.

The RING-B1-B2 region of KAP-1 is required for
binding to the KRAB domain

To identify the region of KAP-1 that is required for the
interaction with the KRAB domain, we constructed an
amino-terminal deletion of KAP-1 [KAP-1{239-835}],

which lacks the RING-B1-B2 domains (Fig. 8A), but in-
cludes the complete predicted coiled-coil domain and
the remainder of the protein. As shown in Figure 8C, this
KAP-1{239-835) protein was properly expressed in trans-
fected COS1 cells as detected by immunoprecipitation
with anti-KAP sera from the nuclear extract {lane 1), but
it failed to bind to GST-KRAB resin {lane 2}. Note that
full-length endogenous KAP-1 is properly bound {lane 2).
This suggests that the amino terminus of KAP-1 is the
site of KRAB binding.

KAP-1 has the functional properties of a corepressor

One of the defining properties of coactivator/repressor
molecules is their ability to influence transcription only
when brought to specific target genes by a DNA-bound
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Figure 5. KAP-1 is the pl00 KRAB-binding protein initially
purified. (A} KAP-1 was immunoprecipitated from [**S|methio-
nine-labeled extracts of COS1 cells transfected with empty ex-
pression plasmid (lanes 1,2) or plasmid including the KAP-1
cDNA (lane 3] with preimmune {lane 1} or KAP-1 antisera {lanes
2,3). The KAP-1 cDNA was transcribed and translated in vitro
{KAP-1 IVT, lane 6} and immunoprecipitated with pre-immune
and anti-KAP-1 sera (lanes 4,5). The anti-KAP-1 sera were gen-
erated as described in Materials and methods. {B) COS1 cells
were transfected with a plasmid encoding KAP-1 fused to a car-
boxy-terminal myc-tag epitope. [**S|methionine-labeled nuclear
extracts were either immunoprecipitated with the indicated an-
tisera (lanes 1-3) or used in direct purification on GST-KRAB~
Sepharose beads {Pharmacia) (lane 4). For each of lanes 5-7, a
GST-KRAB-1 purification twice the scale of that of lane 4 was
performed. GST-KRAB-1-binding proteins were then eluted
with glutathione and immunoprecipitated with the indicated
antisera. For this experiment, the GST-KRAB fusion protein
contained the KRAB domain from KRK-1 (Fig. 1). Molecular
weight markers are indicated.

transcription factor. This model provided us with two
predictions that were tested with regard to KAP-1. First,
we expected an increase in the nuclear concentration of
KAP-1 to increase the rate of formation of the DNA-
bound KRAB-KAP-1 complex and, if that step is rate-
limiting, to thereby increase the efficiency of KRAB-me-
diated repression. This prediction was confirmed by the
experiment depicted in Figure 8B, in which transfection
of increasing amounts of KAP-1 expression vector en-
hanced repression by PAX3-KRAB up to fivefold, but
had a minimal effect in the absence of cotransfected
PAX3-KRAB. It is noteworthy that the KAP-1(239-835)
protein, which fails to interact with the KRAB domain
did not enhance PAX3-KRAB-mediated repression (Fig.
8C). Together, these data suggest that KAP-1 functions
as a regulator of transcription when tethered to DNA
through protein—protein interactions with the KRAB do-
main,

The second property expected of a corepressor is the
ability to affect transcription in the absence of its natural
binding partner when directly tethered to DNA. To test
this prediction, we fused KAP-1 amino acids 293-835 to
the GAL4{1-147) DNA-binding domain. The amino-ter-
minal RING-B1-B2 structures were not included,
thereby ensuring that any effect on transcription was not
attributable to interactions with endogenous KRAB-con-
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taining proteins. The GAL4-KAP-1, 293-835 fusion pro-
tein significantly repressed transcription of the 5xGAL4-
TKCAT reporter (Fig. 9A).

In summary, these data suggest that KAP-1 contains
an intrinsic DNA binding-dependent repression function
and supports the model that KAP-1 is a corepressor that
mediates repression by the KRAB domain.

Discussion

We have utilized the KRAB repressor domain to identify
and clone a gene encoding a novel nuclear protein (KAP-
1) that displays the hallmarks of a corepressor. We offer
a number of lines of evidence that suggest that KAP-1
plays a key role in mediating KRAB domain repression:
(1) KAP-1 binds to multiple KRAB repression domains
and the KRAB-KAP-1 interaction can be reconstituted in
vitro; (2) mutations in the KRAB domain that abolish
repression concomitantly abolish the interaction with
KAP-1; (3} overexpression of KAP-1 enhances KRAB-me-
diated repression in a manner dependent on the presence
of the domain in KAP-1 that binds the KRAB domain;
and (4) KAP-1 itself is a repressor when fused to a DNA-
binding domain. Together, these findings are consistent
with a simple model in which a DNA-bound KRAB do-
main recruits the KAP-1 corepressor to the promoter via
direct protein—protein interactions (Fig. 9B). Repression
based on recruitment of a corepressor may be similar to
hairy—groucho interactions in Drosophila {Paroush et al.
1994}, MATa2/MCMI1-SSN6/TUPI interactions in
yeast [Keleher et al. 1992; Cooper et al. 1994; Tzamarias
and Struhl 1994}, p53-E1b {Yew et al. 1994}, thyroid hor-
mone receptors—N-CoR, or SMRT interactions (Chen
and Evans 1995; Horlein et al. 1995) in mammalian cells.
It will be interesting to determine whether the mecha-
nisms utilized by these corepressor molecules converge
at a common step in the transcriptional initiation pro-
cess.

KAP-1 encodes at least four different classes of cys-
teine/histidine-rich motifs: The RING finger, Bl box, B2
box, and PHD finger. These structural motifs support its
role as a corepressor and also suggest potential mecha-
nisms of repression. The amino-terminal RING finger
motif is identified by the signature C;HC, spacing of
cysteine and histidine residues (Freemont 1993), and our
data support its proposed function as a protein—protein
interface (Barlow et al. 1994; Borden et al. 1995). RING-
finger-containing proteins have been strongly implicated
in cell growth regulation and transcription; these genes
include the tumor suppressor BRCA-1 (Miki et al. 1994),
the proto-oncogene PML, which is fused to the retinoic-
acid receptor-a {RARa] in acute promyelocytic leukemia
(Kakizuka et al. 1991), and the Drosophila protein msi-2
(Kelley et al. 1995; Zhou et al. 1995). msl-2 is particu-
larly suggestive of a role for the RING finger in the reg-
ulation of chromatin structure; it is localized to male X
chromosome chromatin and is required for the hyper-
transcription that is responsible for Drosophila dosage
compensation.
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Figure 6. Detection of DNA-bound KRAB-KAP-1 complexes formed in vitro. |A) The binding of PAX3-KRAB to COS1 nuclear
proteins was detected by EMSA with in vitro translated PAX3-KRAB (lanes 2—6), PAX3-KRAB(DV — AA| (lanes 7-12), a 3?P-labeled
DNA probe containing the e5 PAX3 binding site, and a COS1 nuclear extract, as described in Materials and methods. The specific
e5-binding complex formed in the absence of COS1 nuclear extract is indicated by a small arrow; the more slowly migrating complex
formed upon addition of the nuclear extract is indicated by a large arrow. {B) Competition of higher-order complex formation by
purified GST-KRAB {0.6, 1.25, 2.5, 5, 10, and 20 pg; lanes 2-7) or GST-KRAB(DV — AA} (0.6, 1.25, 2.5, 5, 10, and 20 png; lanes 8-13).
The EMSA was performed as in A, but with a constant amount of COS1 nuclear extract. GST-fusion proteins were expressed in
bacteria, purified on glutathione-Sepharose {Pharmacia), and eluted with glutathione as described in Materials and methods.

The PHD finger is a cysteine/histidine-rich structure
that is distinguished from the RING finger and LIM do-
main by containing a consensus of C,HC, that spans
50-80 residues {Aasland et al. 1995). Many PHD-finger-
containing proteins have been implicated in chromatin-
mediated transcriptional modulation. These include
products of the Drosophila genes trithorax and poly-
comblike and the human gene HRX, which is fused to
AF10/AF17 in the t(11:17) translocation in acute leuke-
mia (Chaplin et al. 1995). Likewise, although the bromo-
domain of KAP-1 is imperfect, it is interesting to note
that bromodomains are found in the adaptor proteins
p300, CBP, and GCNS5, as well as in the SWI2/SNF2
component of the yeast SWI/SNF transcriptional activa-
tion complex of proteins (Laurent et al. 1991; Yoshimoto
and Yamashita 1991; Georgakopoulos and Thireos 1992;
Chrivia et al. 1993; Eckner et al. 1994). Thus, the overall
organization of KAP-1 supports its classification as a
corepressor and leads to the speculation that KAP-1 re-
presses transcription by a chromatin-mediated mecha-
nism.

The protein most homologous to KAP-1 is TIF1, a pu-
tative coactivator for nuclear hormone receptor-medi-
ated transcriptional activation {LeDouarin et al. 1995).
TIF1 was cloned in a yeast two-hybrid screen for proteins

that are able to enhance transactivation by the AF-2 re-
gion of the retinoid-X receptor-y (RXRvy), and it was
found to interact with several members of the nuclear
hormone receptor family. Although KAP-1 and TIF1
share a remarkably similar organization of motifs, they
are clearly not encoded by the same gene: The overall
amino acid sequence homology is only 31%. The loop
region between C5 and C6 of the TIF1 RING is much
longer and highly divergent compared with the analo-
gous region in KAP-1. In addition, the regions between
the coiled-coil domain and the PHD fingers of KAP-1 and
TIF1 are only weakly similar. Finally, the amino-acid
sequence of the TIFl bromodomain conforms much
more stringently to the consensus that defines the do-
main than does that of KAP-1. Whether the similarity
between KAP-1 and TIFI is actually reflected in signifi-
cant cross-talk between the hormone receptor and
KRAB-ZFP families of transcription factors is an intrigu-
ing question and remains to be tested.

In conclusion, we have isolated a corepressor, KAP-1,
for the KRAB repression domain. This discovery pro-
vides a new and potentially unifying paradigm for the
enormous number of KRAB-domain-containing zinc-fin-
ger proteins in the human genome. A future determina-
tion of the downstream targets of KAP-1 may yield im-

GENES & DEVELOPMENT 2073


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on September 13, 2024 - Published by Cold Spring Harbor Laboratory Press

Friedman et al.

A IVT, PAX3-KRAB B
) r 1
Proteins Protein: COS1,PAX3-KRAB
COS1,KAP-1-myc

1 3 Q
® o c -
Eoaw 7 8 %3 ém
< o b s . < o <

] E X 2 erum:

Serum: £a € ¢ 2 E g x Ex
T L L L0 «@ T £ oQE

< <« @ c € 5 ~
Z z4& & & & & Ze ° o ©

T

« B8 N

12 3 4 5 6

Figure 7. Identification of components of the KRAB-KAP-1
complex. {A) Use of specific antisera to identify components of
the e5-binding complex. The EMSA was performed as in Fig. 6A,
with the addition of the indicated antisera to the binding reac-
tions. (B} Detection of PAX3—-KRAB-KAP-1 complexes in nu-
clear extracts. The EMSA was performed using the **P-labeled
€5 probe and nuclear extract from COS]1 cells transfected with
an expression plasmid encoding PAX3-KRAB. Antisera were
added to the binding reactions as indicated. The arrow indicates
the specific e5 binding complex containing PAX3-KRAB-KAP-1.

portant mechanistic insights into transcriptional repres-
sion.

Materials and methods
Expression and reporter vectors

The plasmids encoding the GAL4(1-147) fusions to KOX1{1-90)},
KOX1(1-90; DV — AA), and to WT1{1-298) have been described
{Madden et al. 1993; Margolin et al. 1994). For the squelching
experiments, KOX1({1-161) was subcloned into the pCB6™* ex-
pression vector. The GAL4-KAP-1 plasmid was generated from
a partial KAP clone isolated from a AZAP NK cell library (Strat-
agene) that includes KAP-1 nucleotides 718-2679 (amino acid
residues 293-837) flanked by EcoRI sites. This EcoRI fragment
was subcloned into the EcoRI site of the pM2 GAL4-fusion
mammalian expression plasmid (Sadowski et al. 1992). The
5xGAL4-TKCAT and TKCAT reporter plasmids have been de-
scribed by Shi et al. (1991). The PAX3-KRAB (1-381) fusion
genes were constructed by use of the PAX3-FKHR plasmid de-
scribed in Fredericks et al. {1995). KOX1{1-90) and the DV — AA
mutant were subcloned into the EcoRI and Xbal sites, thereby
replacing the FKHR sequences. The reporter plasmid for the
PAX-KRAB fusions 2xe5TKCAT has been described (Fredericks
et al. 1995).

Cell culture, transfections, and CAT assays

NIH-3T3 mouse cells, human Rh30, and COS1 monkey kidney
cells were grown and transfected as described (Margolin et al.
1994). Expression of all constructs was confirmed by immuno-
precipitation with the appropriate antisera (Madden et al. 1991,
1993; Morris et al. 1991). The CMV vector expressing (3-D-ga-
lactosidase, pON260, was used in all transfections, and B-D-ga-
lactosidase activity was used to normalize transfection effi-
ciency in cell extracts for the CAT assay. Cell harvesting, CAT
assays, and quantitation were performed as described {Madden
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1991, 1993). Each transfection experiment was performed at
least three times in duplicate. The numbers derived are the
averages of duplicates in a single experiment and variability was
within 10%.

Generation of GST-fusion proteins and purification of KAP-1

The ¢cDNAs encoding KOX1(1-90) and the DV — AA mutant
were subcloned into the pGEX-2TK vector (Pharmacia). The
ZNF133 and ZNF140 GST-fusion plasmids were generated with
c¢DNAs kindly provided by H.-]. Theisen. Regions of each cDNA
including the KRAB domain (ZNF133 residues 1-198 and
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Figure 8. Enhancement of KRAB-mediated repression by exog-
enous KAP-1. {4,B) Cells were transfected with the indicated
amounts (in micrograms) of expression plasmid encoding
PAX3-KRAB, and with 5 pg (lanes 5,8), 10 pg (lanes 6,9), or 15
pg (lanes 7,10) of expression plasmid encoding KAP-1 or KAP-
1{239-835), along with 2.5 ug of the reporter plasmid. The CAT
assay and quantification were performed as described in Mate-
rials and methods. The amount of CAT activity in the absence
of PAX3-KRAB and KAP-1 was assigned a level of 100% activ-
ity; other activities are reported as a percentage of this value.
The degree of repression by 3 ug of PAX3-KRAB expression
plasmid in the presence of 0, 5, 10, and 15 pg of KAP-1 plasmid
is graphically represented in the right panel. (C) Deletion of the
RING-B1-B2 eliminates both binding to the KRAB domain and
enhancement of KRAB-mediated repression. An expression
plasmid encoding KAP-1{239-835) was transfected into COS1
cells, and transfected cell extracts were used in an anti-KAP-1
immunoprecipitation {lane 1) or purification on GST-KRAB
bound to glutathione-Sepharose (lane 2). Full-length endoge-
nous KAP-1 and exogenous KAP-1{239-835) are indicated by ar-
TOWS.
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Figure 9. Repression by a GAL4—KAP-1 fusion protein. (A) In-
creasing amounts of GAL4-KAP-1{293-835) expression plasmid
{0.01, 0.05, 0.25, and 6.25 pug; lanes 2—6 and 8-12) were trans-
fected into NIH-3T3 cells with either the 5xGAL4-TKCAT re-
porter {lanes 1-6) or the TKCAT reporter (lanes 7-12). The
amount of CAT activity for each reporter in the absence of
GAL4-KAP-1(293-835) was assigned a level of 100% activity;
other activities are reported as a percentage of this value. (B) A
model of KRAB-ZFP-KAP-1 interactions which may mediate
repression. We suggest that a KRAB-ZFP protein bound to its
cognate recognition sequence recruits the KAP-1 corepressor
via protein—protein interactions (although the sequence of
events is unknown). The RING-B1-B2 region of KAP-1 is nec-
essary {but may not be sufficient) for this interaction. The in-
trinsic repression domain of KAP-1 nominally comprised of the
carboxy-terminal segment containing the PHD and bromo-
domains then mediates repression. It is speculated that the
mechanisms of KAP-1-mediated repression involve chromatin
structure alteration (signified by the black box) or direct inter-
actions with components of the basal transcription machinery.

ZNF140 residues 1-137) were cloned into the vectors pGEX-
4T-3 and pGEX-2TK, respectively. The GST-KRK-1 fusion plas-
mid was generated by the subcloning of a region including the
KRAB domain (residues 30-290) into the pGEX-4T-3 vector. All
GST-fusion proteins were expressed in bacteria and purified ac-
cording to the manufacturer’s instructions (Pharmacia). We rou-
tinely obtained >98% purity at concentrations of 1-2 pg of
GST-KRAB protein bound per 5 pl of 50:50 Sepharose slurry.
For analytical purification of KAP-1 from NIH-3T3 cells,
[**S]methionine labeling and nuclear extract preparation were
performed as described (Fredericks et al. 1995). Labeled nuclear
extract (50 nd) was precleared for 1 hr at 4°C with 20 pl of
GST-Sepharose (~5 pg protein/pl resin) in a total volume of 1
ml of NEB (10 mm HEPES, pH 7.6, 20% glycerol, 0.5 M NaCl, 1.5
mm MgCl,, 0.2 mm EDTA, 0.1% Triton-X100). The precleared
nuclear extract was then allowed to associate with 50 pl of
GST-KRAB-Sepharose for 1 hr at 4°C. The beads were washed
5x with 1 ml of NEB, boiled in 2x SDS gel loading buffer, and
analyzed by SDS-PAGE and fluorography.

The preparative scale purification of KAP-1 was conducted
with a calf thymus extract prepared at 4°C as follows: ~10 cm?
of calf thymus was frozen in liquid nitrogen and pulverized. The
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powder was diluted to threc times its original volume with
hypotonic buffer (HB) plus protease inhibitors {10 mm HEPES,
pH 7.5,1 mm DTT, 0.1 mm EDTA, 0.1 mm EGTA, 1 mm PMSE,
2 pg/ml leupeptin, 2 uM pepstatin A, and 0.04 U/ml aprotinin),
and homogenized in a Waring blender and Dounce homoge-
nizer. KCl and glycerol were added to 500 mm and 20%, respec-
tively, and the extract was centrifuged at 146,000g for 1 hr.
Proteins in the supernatant were fractionated by 33% ammo-
pium sulfate precipitation. The resulting precipitate was resus-
pended in 20 ml of NEB and dialyzed exhaustively in the same
buffer. Approximately 10 ml of this calf thymus extract was
loaded onto a 1-ml bed volume GST-fusion protein—glutathi-
one—Sepharose column; the column was washed with >5 bed
volumes of NEB + 1% Triton-X100, and eluted with three bed
volumes of elution buffer (20 mm glutathione, 100 mm Tris-
HCI, pH 8.0, and 120 mm NaCl). The column fractions were
analyzed by SDS-PAGE and Coomassie blue staining. Selected
fractions from several purifications were pooled and concen-
trated in Centricon-50 concentrators according to the manufac-
turer’s instructions (Amicon). A total of ~ 50 pg of KAP-1 was
obtained from ~100 gm of frozen calf thymus, the result of
three independent purification procedures. Protein blotting, in
situ trypsin digestion, reverse phase HPLC separation of pep-
tides, mass spectrometry analysis of fractions, and peptide mi-
crosequencing were performed by the Wistar Protein Microse-
quencing Facility as described in Best et al. (1995).

Cloning of KAP-1

The sequence of the peptide QGSGSSQPMEVQEGYGFGSGD-
DPYSSAEPH was used to design a degenerate primer pair (in-
cluding BamHI and EcoRlI sites to facilitate cloning) for use in
RT-PCR. The template for RT-PCR was poly(A ") bovine kid-
ney RNA (Clontech). The RT-PCR was performed as follows: 1
pg of poly(A*) RNA was reverse-transcribed with an oligo(dT)
primer and SuperScript II enzyme (Gibco-BRL) according to the
manufacturer’s instructions. A fraction of the reverse-transcrip-
tion reaction was then amplified by PCR with the degenerate
primer pair under the following conditions: 37°C, 15 min, fol-
lowed by five cycles of 94°C, 30 sec; 37°C, 30 sec; 70°C, 2 min;
and 30 cycles of 94°C, 30 sec; 48°C, 30 sec; 70°C, 1.5 min. A
70-bp product was gel-purified, digested with BamHI and EcoR],
and cloned into the pGEM-7zf( + ) plasmid (Promega). The DNA
sequence of the clone was found to encode the original peptide
in a single reading frame. A human expressed sequence tag that
displayed 98% nucleotide sequence identity to the 70-bp prod-
uct was used as a hybridization probe to isolate a 3.1-kb cDNA
clone from a human testis cDNA library (Clontech). The KAP-1
c¢DNA was subcloned into the pcDNA3 vector (Invitrogen) for
in vitro transcription and expression in mammalian cells. The
modified 7 residue myc-tag amino acid sequence, EQKLISE, was
fused to the carboxyl terminus by incorporating it into an oli-
gonucleotide primer followed by PCR. The KAP-1({239-835) de-
letion was constructed by PCR of the entire region using a 5’
primer which included a Kozak consensus sequence (Kozak
1992) and an initiator methionine codon. The resulting product
was cloned into the pCDNA3 mammalian expression vector
{Invitrogen). All PCR products were sequenced on both strands
to guard against errors.

Sequence analysis

The KAP-1 cDNA was sequenced on both strands by a combi-
nation of manual dideoxy sequencing (Ausubel et al. 1994) and
automated sequencing on an Applied Biosystems cycle sequenc-
ing apparatus. DNA and protein sequence homology searches
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were performed by use of the BLAST network service (Altschul
et al. 1990).

Antisera, immunoprecipitations, and immunohistochemistry

Nucleotides 1270-1755 of the KAP-1 cDNA were amplified by
PCR and subcloned into the pQE30 hexahistidine-fusion bacte-
rial expression vector (Qiagen), expressed in bacteria, and puri-
fied by nickel-chelate chromatography (Qiagen). Then hexahis-
tidine-tagged KAP-1{423-584) was used to generate anti-KAP-1
sera in C3H mice. Soluble protein was mixed with Freund’s
adjuvant and injected subcutaneously. The bleeds from five
mice were pooled and tested in immunoprecipitations of la-
beled, in vitro transcribed/translated KAP-1. The same single
bleed pool was used in all experiments. The anti-KOX1 serum
was generated in rabbits against hexahistidine-KOX1(1-161) and
anti-PAX3 serum was generated as described (Fredericks et al.
1995).

For immunoprecipitations, COSI1 cells were labeled with
[**S]-methionine and harvested in ELB buffer plus protease in-
hibitors (250 mm NaCl, 50 mm HEPES, pH 7.5, 0.1% NP-40, 1
mMm EDTA, 0.1 mM PMSF, 2 pg/ml leupeptin, and 11 pg/ml
aprotinin). Immunoprecipitations were performed in 1 ml of
ELB plus protease inhibitors. One microliter of preimmune or
anti-KAP-1 sera (or 1 pg of myc-tag monoclonal antibody) was
added and incubated for 2 hr at 4°C, followed by the addition of
100 u! of a 10% slurry of Protein A-Sepharose (Pharmacia) and
rotation at 4°C for 30 min. The pellets were washed five times
with 1 ml of ELB, boiled in 2x SDS gel loading buffer, and
analyzed by SDS-PAGE and fluorography. For the sequential
GST association/immunoprecipitations, proteins bound to
GST-KRAB were eluted in batch in five bed volumes of elution
buffer (20 mm glutathione, 100 mm Tris-HCI, pH 8.0, and 120
mM NaClJ at room temperature for 30 min. Eluted proteins were
then immunoprecipitated in 1 ml ELB as described above.

Electrophoretic mobility shift assay

EMSA was performed essentially as described (Fredericks et al.
1995). The PAX3-KRAB fusion protein was transcribed/trans-
lated in vitro and used in all assays unless otherwise noted.
Binding reactions were assembled in 20 ul of binding buffer
(final concentration 20 mmM HEPES (pH 7.6), 50 mm NaCl, 0.2 ug
poly [d(I-C)], 0.5 mm DTT, 5 mm MgCl,, 10% glycerol). In vitro
translated PAX3-KRAB was incubated in the above buffer with
nuclear extracts/antisera/competitor proteins for 20 min at
room temperature, and then 1 pl of e5 probe (10° cpm/ul} was
added and the reaction was incubated for 10 min at 30°C.
Amounts of antibodies used were as follows: 1 ul of a 1:10
dilution of anti-KAP-1 sera, 1 ul anti-PAX3 sera, 1 pl of a 1:5
dilution of anti-KOXI1 sera, or 0.1 pg myc-tag monoclonal anti-
body. In experiments involving addition of competitor proteins,
GST-KRAB and GST-KRAB(DV — AA) were purified on gluta-
thione—Sepharose and eluted as described above. For assays of
PAX3-KRAB complexes formed in vivo, PAX3-KRAB and
KAP-1 expression plasmids were transfected into COS1 cells,
and nuclear extracts were prepared as described above. DNA—
protein complexes were resolved on 1.5-mm 4.5% native poly-
acrylamide gels by electrophoresis at 400 V for 1 hr in 45 mm
Tris-borate (pH 8.3)/45 mM boric acid per 1 mm EDTA buffer.
EMSA gels were dried and visualized by autoradiography.
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