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Herpes simplex virus-infected cell protein 0 blocks
the silencing of viral DNA by dissociating histone
deacetylases from the COREST-REST complex

Haidong Gu and Bernard Roizman*

Marjorie B. Kovler Viral Oncology Laboratories, University of Chicago, 910 East 58th Street, Chicago, IL 60637

Contributed by Bernard Roizman, August 2, 2007 (sent for review July 20, 2007)

A preeminent phenotype of the infected cell protein 0 (ICP0) of
herpes simplex virus 1 (HSV-1) is that it acts as a promiscuous
transactivator. In most cell lines exposed to AICPO mutant virus at
low ratios of virus per cell infection, « genes are expressed but the
transition to B and y gene expression does not ensue, but can be
enhanced by inhibitors of histone deacetylases (HDACs). Earlier
studies have shown that ICPO interacts with CoREST and displaces
HDAC1 from the CoREST-REST-HDAC1/2 complex. HDAC1 and
CoREST are then independently translocated to the cytoplasm.
Here, we test the hypothesis that ICPO blocks the silencing of HSV
DNA by displacing HDAC1 from the CoREST-REST complex. Spe-
cifically, first, mapping studies led us to construct a truncated
CoREST (COREST146-4s2) that in transfected cells displaced HDAC1
from the CoREST-REST complex. Second, we constructed two
viruses. In BACs encoding the entire HSV-1, we replaced the gene
encoding ICPO with AmpR to yield a AICPO mutant R8501. We also
replaced ICPO with COREST146-4s2 to yield recombinant R8502. The
yield of R8502 mutant virus in Vero, HEp-2, and human embryonic
lung cells exposed to 0.1 pfu of virus per cell was 100-, 10-, and
10-fold higher, respectively, than those of R8501 mutant virus. In
Vero cells, the yield of R8502 was identical with that of wild-type
virus. We conclude that CoREST146-4s2 functionally replaced ICPO
and that, by extension, ICPO acts to block the silencing of viral DNA
by displacing HDAC1/2 from the COREST-REST complex.

interactive domains | IFN signaling | protein kinases

I n humans and in experimental animal systems, herpes simplex
viruses 1 or 2 (HSV-1 or HSV-2) replicate at the portal of entry
into the body, infect nerve endings of sensory or dorsal root
ganglia, and ascend to the nucleus where, in some neurons, they
establish latent infections. In the latently infected cells, all viral
genes except that encoding the latency-associated RNA (LAT)
are turned off (reviewed in ref. 1). These observations suggested
that HSV DNA possess the properties of being activated or
silenced by viral and or host factors. Indeed, a viral protein
carried by the infecting virion designated a-transinducing factor
or viral protein 16 (VP16) has been shown to interact with host
transcriptional factors to enhance the expression of « or imme-
diate-early genes (reviewed in ref. 2). Studies published recently
have linked LAT to the maintenance of viral DNA in neuronal
nuclei in a silenced form (3).

The studies described in this article center on the role of the
infected cell protein 0 (ICPO). This protein, the product of the
a0 gene, is made immediately after infection. It is dispensable in
cells infected at a high multiplicity. With few exceptions (e.g.,
U20S cell; ref. 4), in cell lines infected at low multiplicity with
AICPO mutants, a genes are expressed but the transition from o
to B or vy genes does not ensue, and, as illustrated schematically
in Fig. 14, the virus fails to replicate (5). Related to this
phenotype of ICPO mutants is the observation that, in trans-
fected cells, ICPO is a promiscuous transactivator of genes
introduced into cells by infection or transfection (6-8).

The second major function of ICPO is associated with resis-
tance to IFN-associated host responses to infection.
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The focus of this article is on the transactivating functions of
ICPO. Elsewhere (9), we reported that, first, ICPO contains near
it carboxyl-terminal domain a sequence of 79 residues homolo-
gous to a corresponding sequence near the amino-terminal
domain of CoREST, a component of the histone deacetylase 1/2
(HDAC1/2)-CoREST-REST repressor complex (10-13). Sec-
ond, in lysates of uninfected cells, antibody to CoOREST pulled
down CoREST, REST, and HDACI. The same proteins were
coprecipitated by antibody to HDACI from uninfected cells. In
reactions with lysates from wild-type virus-infected cells, anti-
body to COREST pulled down REST, but not HDACI. Third, as
illustrated schematically in Fig. 1B, viral protein kinases Us3 and
Ur13 mediated the phosphorylation of COREST and HDACT in
wild-type virus-infected cells (9, 14). Fourth, in wild-type virus-
infected cells, COREST-REST complex and HDAC1 were
translocated to the cytoplasm after the onset of viral DNA
synthesis. In cells infected with high ratios of AICPO mutant virus
per cell, the entire complex HDACI-CoREST-REST in the
infected cells is also translocated to the cytoplasm (9).

HSV-1 virions carry VP16, a transactivator that, in newly
infected cells interacts with Octl and HCF to enable the
transcription of a genes (reviewed in ref. 1). To test the
hypothesis that dissociation of HDACI1/2 from the HDACI-
CoREST-REST complex by ICPO is key step in enabling the
expression 3 and y genes and blocking the silencing of HSV-1
DNA, we mapped the sites of the interaction between CoREST
and ICPO and between CoREST and HDACI. On the basis of
the mapping data, we identified a truncated form of CoOREST
that in transfected cells displaced HDACI from the CoOREST-
REST complex. We predicted, as illustrated in Fig. 1C, that
insertion of the truncated CoREST into AICP0 mutants would
at least compensate for the absence of the a0 gene.

Results

The Binding Site for CoREST in ICP0. To map the binding sites of
CoREST on ICP0, we constructed a set of GST fusion proteins
containing various domains of ICP0. These were used to react
with uninfected cell lysates. In initial experiments (data not
shown), we mapped the binding domain to the carboxyl-terminal
half domain of ICPO. The results of the pull-down experiments
with GST-CoREST chimeras containing carboxyl-terminal do-
mains of ICPO are shown in supporting information (SI) Fig. 7.
Briefly, as summarized in the schematic diagram shown in Fig.
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Fig. 1.
Cell infected with a AICP mutant at low pfu per cell. The schematic diagram
illustrates that VP16 enters the nucleus concomitantly with the release of viral
DNA from capsids at the nuclear pore. VP16 associates with cellular proteins

Schematic representation of early events in HSV-1-infected cells. (A)
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Fig. 2. The position of key domains in CoREST and ICPO relevant to these
studies. (A) The numbers 1-3 identify the residues encoded in exons 1-3. The
numbers above the bar refer to residue numbers. The sequence homologous
to residue 3-79 of CoREST is at position 537-613. The binding site for COREST
determined on the basis of SI Fig. 7 is between residues 668 and 718. (B)
Location of key domains in CoREST. The site of ICPO homologous sequences
(residues 3-79) are also the site of binding to ICPO on the basis of the data
shown in SIFig. 8. The numbers below the bar indicate amino acid number. The
binding site for HDAC1 is based on results shown in Sl Fig. 9.

2A, the binding site of COREST was mapped to residues 668 to
718 of ICPO.

The Binding Site for ICP0 and HDAC1 on CoREST. To map the binding
site of ICPO and CoREST, we reacted infected cells lysates with
a set of purified GST fusion proteins containing various domains
of CoREST. The results of the pull-down assays are shown in SI
Fig. 8. Briefly, as summarized in Fig. 2B, ICP0 binds to residues
1-80 (i.e., to the sequences homologous to ICP0). The same
CoREST constructs were used to map the binding site in
CoREST for HDACT1 to residues 81-246 (SI Fig. 9) consistent
with those of You et al. (11) who mapped the binding site of
HDACI1 and CoREST-dependent HDAC activity to residues
75-254 of CoREST.

The Truncated CoREST Polypeptide Containing Residues 146-482
Disrupts the Endogenous CoREST-HDAC1 Interaction. HEK 293 cells
were transfected with a plasmid encoding Myc-tagged intact or
truncated CoREST polypeptide. After 40 h, the cell lysates pre-
pared were reacted with anti-HDACI or anti-CoREST antibody.
The immune precipitates were solubilized, electrophoreticaly sep-
arated in denaturing gels, and reacted with anti-CoREST antibody
(Fig. 3A4) or anti-REST and anti-HDACI antibodies (Fig. 3B). The
results show that the polypeptide CoOREST}46_4s2 disrupted the
interaction between HDAC1 and CoREST inasmuch as in lysates
of cells transfected with a plasmid encoding this protein antibody to
HDACI failed to coprecipitate COREST (Fig. 34, lane 11) and

Oct1 and HCF and transactivates « gene promoters. a proteins are made, but
the expression of Band ygenes does not ensue. (B) Cell infected with wild-type
virus. As reported earlier, ICPO interacts with CoREST and displaces HDAC1
from the CoREST-REST complex. HDAC1 and CoREST are phosphorylated and
translocated to the cytoplasm. g and y genes are expressed. (C) Predicted role
of a dominant-negative CoREST that dissociates HDAC1 from the CoREST-
REST complex. If ICPO enables the transition from « to B and y gene expression
by dissociating HDAC1/2 from the COREST-REST complex, then a dominant-
negative CoREST that displaces HDAC1 from the complex would substitute for
ICPO to enable enhanced replication of AICPO mutant virus.
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Fig. 3. CoRESTis6-482 polypeptide displaces HDAC1 from the HDAC1-
COREST-REST complex. HEK 293 cells were transfected with plasmids encoding
the truncated CoREST polypeptides tagged with Myc. After 40 h of incubation,
the cells were harvested and lysed. The immune precipitates (IPs) obtained
with polyclonal anti-HDAC1 antibody (A) or polyclonal CoREST antibody (B)
were collected as described in Experimental Procedures, solubilized, electro-
phoretically separated in a denaturing gel, and reacted with monoclonal
antibody against CoREST (A) or anti-HDAC1 or anti-REST antibodies (B).

antibody to CoREST coprecipitated REST but not HDAC1 (Fig.
3B, lane 10).

Construction and Verification of Recombinant Viruses R8501 and
R8502. If the dissociation of HDACI from CoREST-REST
complex by ICPO reported earlier (9) plays a role in blocking the
silencing of B and +y gene expression, then insertion of a gene
encoding the truncated CoREST 46_4s2 protein into the viral
genome should overcome at least in part the inability of AICP0
mutant virus to replicate in cells infected at a low multiplicity of
infection. To this end, by using a BAC, we first replaced both
copies of the a0 gene and the inserted in place of the ampicillin
resistance (AmpR) genes or the Myc-tagged COREST46_4s2
genes driven by the CMV immediate-early promoter. The BAC
DNA with one copy of a0 replaced with AmpR and the other
copy replaced with CoOREST46-48> Was transfected into U20S
cells. The viruses obtained by transfection were designated
R8501 and R8502, respectively (Fig. 44).

The results shown in Fig. 4B indicate that the recombinant
R8502 expressed the COREST46_4s2 polypeptide identified by
both anti-Myc and anti-CoREST antibody (Fig. 4B, lanes 2 and
4). Fig. 4C shows that in cells infected at a high multiplicity (10
pfu per cell), both viruses express ICP4, and ICP27, but not
ICPO.

CoREST146-4s2 Enhances the Replication of AICPO Mutant Virus in Cells
Infected at a Low Ratio of pfu Per Cell. In this series of experiments,
replicate cultures of Vero, HEp-2, or human embryonic lung
(HEL) cells were infected with 0.1 pfu of wild-type HSV-1(F),
R8501, or R8502 virus per cell. At intervals shown, individual
cultures were harvested and titered on U20S cells. The results
(Fig. 5) were as follows: In three independent experiments (Fig.
5 A-C), cells infected with R8502 yielded ~100-fold more virus
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Fig. 4. Construction and verification of recombinant viruses. (A) Schematic
representation of wild-type HSV-1, the sequence arrangements of the a0 gene
encoding ICPO. The third line shows the replacement of ICPO with AmpR. The
fourth line shows the replacement of ICPO with a Myc-tagged CoREST146-4s2
gene. The procedures were as described in Experimental Procedures. (B)
Expression of COREST46-452 in Vero cells infected with 10 pfu of R8501 or
R8502 mutant virus per cell. As shown, lysates of R8502 reacted with antibod-
ies to the truncated and endogenous CoREST, whereas the lysates of cells
infected with the R8501 mutant reacted only with antibody to endogenous
CoREST. (C) Electrophoretically separated lysates of cells harvested at times
shown after infection with 10 pfu per cell were probed with antibodies to
ICPO, ICP4, or ICP27.

than the AICPO parent virus R8501. In Vero cells, the yields of
R8502 mutant approached those of wild-type virus (Fig. 54). In
HEp-2 and HEL cells, the yield of the R8502 mutant was on the
average 10-fold higher than the AICPO virus R8501 mutant. We
conclude from these experiments that overexpression of the
CoREST)46_4s2 protein compensates for the absence of ICP0 in
a cell type-dependent manner.

It is noteworthy that progeny virus continued to accumulate
for at least 48—64 h and that the onset of accumulation of the
progeny of R8502 mutant virus was delayed by many hours
relative to that of the wild-type virus. The extended replicative
cycle is not surprising inasmuch as the cells were exposed to a low
ratio of pfu per cell. The delay in accumulation of infectious
R8502 mutant virus may indicate that initiation of viral repli-
cation was delayed until COREST46_4s2 protein reached suffi-
ciently high levels to compete with native CoOREST.

Discussion

Although ICPO interacts with several proteins and appears to
perform multiple functions, two properties stand out. First, [CP0
blocks IFN-dependent host responses designed to block viral
replication (15-18). Second, it is a promiscuous transactivator of
genes introduced by infection or transfection (6-8). At least
some of the functions designed to block IFN-dependent re-
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Fig.5. Thereplication of wild-type HSV-1 and of mutant viruses R8501 and R8502 in Vero, HEp-2, and HEL cells. Replicate cultures were exposed to 0.1 pfu per
cell. The cultures were harvested at 3, 11, 24, and 48 h after infection for A; 3, 7, 24, and 48 h for B; 5, 8, 12, 24, 40, and 64 h for C; 3, 11, 24, and 48 h for D; and

3, 11, 24, and 48 h for E. The yields shown are based on titrations on USOS cells.

sponses appear to map to the RING finger domain of ICPO.
Briefly, ICPO and in particular the RING finger domain mapping
in exon 2 was shown to disperse the ND10 nuclear bodies and
mediate the degradation of promyelocytic leukemia (PML)
protein (19). In the chain of discoveries, ICPO RING finger was
shown to acts an E3 ubiquitin ligase (20, 21). The RING finger
E3 polyubiquitylates UbCH5a and UbcH6 in vitro (20, 21).
Studies on dominant-negative E2 enzymes showed that dn
UBcHb5a but not dn UbCH6 blocked degradation of PML (22).
Further studies demonstrated that IFN-a or -y blocked viral
replication in murine PML+/+ cells but not in PML—/— cells
(17). By degrading PML, ICPO in effect blocks the induction of
IFN-mediated antiviral responses by the host cell. The degra-
dation of PML by the RING finger E3 ubiquitin ligase does not
exclude the possibility that ICPO also blocks IFN signaling
pathways by other domains of the protein.

The focus of this article is on the promiscuous transactivator
functions of ICP0. Earlier, we reported that ICPO interacts
with CoREST and in infected cells dissociates HDACI from
the CoOREST-REST complex. The viral protein kinases Ug3
and both Ug3 and Up 13 mediate the phosphorylation of
HDACI1 and CoREST, respectively. At later stages of infection
consistent with accumulation of products of B proteins
involved in viral DNA synthesis, both HDAC1 and CoREST-
REST complex are independently translocated to the cyto-
plasm (9).

In this article, we tested the hypothesis that the dissociation
of HDAC:s from the COREST-REST complex is the key event
that enables the replication of AICPO mutant virus in cells
infected at low multiplicity. We demonstrated that the trun-
cated CoOREST46-452 polypeptide performed a function sim-
ilar to that of ICPO in that it displaced HDACI from the
CoREST-REST complex in transformed cells. We also dem-
onstrated that a mutant virus in which ICP0 was replaced with
CoREST)46-4s> replicated 100-fold better than AICPO mutant
virus in Vero cells and at least 10-fold better in HEp-2 or HEL
cells. The results indicate that a key function of ICPO is to
dissociate HDAC1/2 from CoREST-REST complex, thereby
enabling the expression of viral genes in cell as depicted
schematically in Fig. 1C.
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Two observations made in the course of these studies are
noteworthy.

Specifically, first, the replication of R8502 was significantly
better in Vero cells than in HEp-2 or HEL cells (Fig. 5). One
hypothesis that could explain these results is that in Vero cells
the IFN pathway is unimpaired. Consistent with this hypothesis
is the observation that the Avy;34.5 mutant viruses replicated
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Fig. 6. Schematic representations of the interactions between ICPO and
HDAC1/2-CoREST-REST complex and the predicted structure of ICPO. (A) The
sequence of ICPO showing the residues in the binding sites for CoREST (red)
and the sequence homologous to residues 3-79 of CoREST (brown). (B) Hy-
pothetical structure of ICPO in the absence of CoREST (closed conformation)
and in the presence of CoREST (open conformation).
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better in Vero cells than in cells in which the IFN pathway is
unimpaired such as HEp-2 or HEL cells (23). Whereas these
mutants are highly attenuated in wild-type mice, they become
virulent in mice defective in IFN pathway (24). A key conclusion
of this article is that, in cells in which the IFN pathway is
impaired, the truncated CoREST)46_4g> fully substituted for
ICPO, whereas in cells with unimpaired IFN pathways CoR-
EST}46-482 only partially compensated for the absence of ICPO.

Second, ICPO contains both the sequence homologous to the
amino-terminal 79 residues of CoREST and a binding domain
for these sequences (Fig. 6B). The two sequences are separated
by ~40 residues of which nearly one-half consist of serines and
glycines. This is a surprising finding and suggests the possibility
that ICPO exists in two configurations. In the open configuration,
the CoREST binding site interacts with the cognate site on
CoREST. In the closed configuration, the binding site folds to
enable the interaction with the cognate site on ICP0. The
advantage of such a system is that, in the closed configuration,
ICPO could interact with host or viral proteins and perform
functions that are different from those of ICP0 in the open
configuration. Further studies should determine whether the
hypothesis is tenable.

Last, it should be pointed out that, in addition to proteins that
block silencing of viral genes in the early stages of infection,
HSV-1 may also encode an RNA (latency-associated transcript)
that has been linked to the maintenance of viral DNA in a silent
form in latently infected neurons (3).

Experimental Procedures

Cells and Viruses. The sources and maintenance of HelLa, HEK
293, and Vero, U208, and human embryonic cells were reported
elsewhere (9, 22). HSV-1(F) is the prototype strain used in this
laboratory (25). The BAC encoding the HSV-1(F) DNA was
reported elsewhere (26, 27). The wild type and mutants gener-
ated in this study were titered on U20S cells.

Plasmid Construction for Deletion Mappings. The primers used to
PCR amplify portions of COREST (10) are shown in SI Table 1.
The PCR products were digested with Stul and PstI and ligated
into plasmid pRB8501, previously designated as MTS1-Myc (22)
to generate pRB8502 to pRB8509, respectively. The Myc-tagged
CoREST sequences excised with EcoRI and PstI from these
plasmids were ligated to EcoRI- plus Pstl-double-digested
pcDNA3.1(+)zeo" to generate pRB8512 to pRB8519, respec-
tively. By using MTS1a0PL (28) as template, portions of ICP0
were PCR amplified with the primers shown in SI Table 2. The
PCR products were digested with EcoRI plus Xhol and ligated
to EcoRI- plus Xhol-digested pGEX 4T-1 (Amersham Bio-
sciences, Piscataway, NJ) to generate pRB8401 to pRB8407,
respectively.

The GST-ICPO polypeptides containing residues 1-19, 20—
241, 245-395, and 543-768, respectively, were described in
ref. 29.

Construction of AICPO HSV-1 BAC. pRB112 containing BamHI B
fragment (30) was digested with BamHI and EcoRV. The 4.8-kb
fragment containing ICP0 exons 2 and 3 was cloned into BamHI
and blunted Spel sites of pBluescript KS to generate pRB8520.
pRB115 containing BamHI SP1 fragment (30) was digested with
Stul and BamHI. The 1.4-kb fragment containing exon 1 was
ligated into the BamHI- and EcoRV-double-digested pRB8520.
This generates pRB8521 with a complete ICPO gene. The 6.0-kb
BamHI and Hpal fragment of pRB8521 was gel purified to serve
as linear vector. pRB8517 and pRB8512 were digested with PstI
and Xbal, blunt-ended, and self-ligated to eliminate the Xbal
and Xhol sites between the COREST and BGH polyadenylation
site. The BglIl and Pvull fragment containing the CMV pro-
moter driven CoRESTi46_452 was cloned into BamHI- and

17138 | www.pnas.org/cgi/doi/10.1073/pnas.0707266104

Hpal-linearized pRB8521 to generate pRB8522 containing
CoREST46_4s2 flanked by ICP0O sequence. pRB8522 was then
digested with Xbal and Xhol, and the fragment containing
CoREST) 46482 Was cloned into pKOS5 plasmid (28) to generate
pKO8522.

A 1.4-kb Bglll and blunt-ended AIwNI fragment from
pcDNA3.1 containing ampicillin resistant gene (AmpR) was
cloned into the BamHI- and Hpal-linearized pRB8521. This
generated pRB8523, which contains the AmpR flanked by the
ICPO sequence. A 4.5-kb fragment from Xbal- and Xhol-
digested pRB8523 was cloned into pKO5 to generate pKO8523.

Escherichia coli RR1 stain harboring HSV-1 BAC was electro-
porated with pKO8522, and incubated at 43°C on LB plates
containing 25 pg/ml zeocin (Zeo) and 20 ug/ml chloramphenicol.
The colonies were diluted and plated on LB plates containing
chloramphenicol (20 ug/ml) and 5% sucrose. Colonies grown on
the sucrose plates were screened with PCR or by colony hybrid-
ization. The recombinant BAC8501 obtained contains one copy of
ICPO gene replaced with COREST46-452. Competent cells of RR1
harboring BAC8501 (ICPO/CoREST}46-4s2) Were electroporated
with pKO8523, the selection process was repeated, and BACS8502
(AmpR/CoREST46-4s2) Was obtained, in which the other copy of
ICPO was replaced with AmpR gene. Plasmids DNAs isolated from
E. coli were transfected into U20S cells. The resulting viruses were
plaque purified three times and analyzed to verify that in recom-
binant R8501 both copies of ICP0O were replaced by AmpR and
R8502 in which both copies of AmpR gene were replaced by
COREST14(,_482.

GST Pull-Down Assay. Plasmids pRB8401 to pRB8407 were
transformed into E. coli BL21 stain. For each construct, a fresh
colony was inoculated into 3 ml of LB supplemented with
ampicillin (100 mg/ml) and grow at 37°C overnight. The
bacterial culture was then diluted 1:100 into fresh LB plus
ampicillin (100 mg/ml) and grown at 37°C until ODgg reached
0.6. Isopropyl B-D-thiogalactopyranoside (0.5 mM) was then
added, and incubation was continued for 4 h. Bacterial cell
pellet from 25-ml cultures was resuspended in 1.6 ml of STE
buffer (10 mM Tris-HC], pH 8, 150 mM NaCl, 1 mM EDTA)
supplemented with 1X protease inhibitor mixture (Sigma, St.
Louis, MO) and reacted on wet ice with 0.1 mg/ml lysozyme for
15 min. After addition of DTT (final concentration of 1 mM)
and sarkosyl (final concentration of 0.5%), the bacteria were
briefly sonicated to lyse the cells. The lysate was cleared by
centrifugation, and the supernatant fluid was reacted with
glutathione Sepharose beads (Amersham Biosciences) at 4°C
for 30 min. The beads were rinsed five times each with 10 ml
of PBS. Eukaryotic cell lysates prepared by brief sonication in
lysis buffer (10 mM Tris, pH 8.0, 140 mM NaCl, 1.5 mM MgCl,,
1 mM DTT, 0.5% Nonidet P-40, 0.1 mM NaVOQO,, 10 mM NaF,
10 mM glycerol phosphate, 1X protease inhibitor mixture) and
cleared of cells were reacted first with unbound glutathione
Sepharose, and then overnight with GST or GST-ICPO0 beads.
The beads were then collected, rinsed three times with lysis
buffer, and the bound proteins were eluted with 1X SDS/
PAGE loading buffer.

Immunoprecipitation. HEK 293 cells were harvested and lysed in
lysis buffer and cleared of cell debris 40 h after Lipofectamine
(Invitrogen, Carlsbad, CA)-dependent transfection with plas-
mids encoding full-length and truncated CoREST. The lysates
were reacted at 4°C overnight with antibodies as stated in Results.
The immunoprecipitates were harvested with protein A Sepha-
rose CL-4B (Amersham Biosciences), rinsed three times with
lysis buffer and once with lysis buffer plus 0.1% SDS, and then
eluted with 1X SDS/PAGE loading buffer.
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Immunoblots. Total cell lysates, GST precipitates, or immuno-
precipitates from above were electrophoretically separated on
denaturing polyacrylamide gels and transferred to preequili-
brated poly(vinylidene difluoride) membrane (Millipore, Bed-
ford, MA). The membranes were blocked in TBST (20 mM
Tris, pH 7.5, 150 mM NacCl, 0.5% Tween 20) containing 5%
nonfat dry milk and reacted at 4°C overnight with primary
antibody in TBST/5% dry milk, rinsed, and reacted with
alkaline phosphatase- or peroxidase-conjugated secondary
antibodies (Sigma). The membranes were rinsed and devel-
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