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Analysis of two CBP (cAMP-response-element-bhinding protein-binding
protein) interacting sites in GRIP1 (glucocorticoid-receptor-
interacting protein), and their importance for the function of GRIP1

Shih-Ming HUANG' and Yi-Shan CHENG

Biochemistry Department, National Defense Medical Center, Taipei, Taiwan 114, Republic of China

The p160 co-activators, SRC1 (steroid receptor co-activator 1),
GRIP1 (glucocorticoid-receptor-interacting protein 1) and ACTR
(activator for thyroid hormone and retinoid receptors), have two
ADs (activation domains), AD1 and AD2. AD1 is a binding site
for the related co-activators, CBP (cAMP-response-element-bind-
ing protein-binding protein) and p300, whereas AD2 binds to
another co-activator, co-activator-associated arginine methyl-
transferase 1 (CARM1). Here, we identified two CBP-interacting
sites [amino acids 1075-1083 (site I) and 1095-1106 (site II)] in
a so-called CBP-dependent transactivation domain (AD1; amino
acids 1057-1109) of GRIP1. Site I was the major site for CBP-
dependent AD1 transactivation activity of GRIP1 whereas, fol-
lowing the deletion of site II, full or partial transactivation activity
was retained without the recruitment of CBP in yeast, Hela,
human embryonic kidney 293 and CV-1 cells. GRIP1 (with a dele-

tion of site II) expressed stronger co-activator activity than that
of wild-type GRIP1 in the TR (thyroid receptor) and the AR
(androgen receptor), but not the ER (oestrogen receptor), systems
in HeLa cells. We also demonstrated that these CBP-binding sites
of GRIP1 are not the only functional domains for its AD1 function
in TR, AR and ER systems in HeLa cells by the exogenous
overexpression of one E1A mutant, which led to a lack of CBP-
binding ability. Our results suggest that these two CBP-interacting
sites in the GRIP AD1 domain not only determine its AD1 activity,
but are also involved in its co-activator functions in some nuclear
receptors.

Key words: cAMP-responsive-element-binding-protein-binding
protein (CBP), co-activator, E1A, glucocorticoid-receptor-inter-
acting protein 1 (GRIP1), interacting site, nuclear receptor.

INTRODUCTION

The NRs (nuclear receptors) constitute a large superfamily of
ligand-regulated transcription factors that trigger complex events
during development, differentiation and homoeostasis [1-4]. They
control gene expression upon binding of small lipophilic hor-
mones such as steroids, retinoids, thyroid hormones and some un-
identified ligands. NRs stimulate transcription by promoting the
local modification of chromatin structure and the recruitment of a
pre-initiation complex containing RNA polymerase II to the pro-
moter. Two transcriptional activation functions (AF1 and AF2)
of NRs provide molecular surfaces for the recruitment of trans-
criptional co-activator proteins to achieve these purposes.

There are three families of NR co-activators: p300/CBP
(cAMP-responsive-element-binding protein-binding protein), the
p160 family and p/CAF (p300/CBP-associated factor) [3,5,6]. At
least three distinct p160 proteins have been identified, including
SRCI1 (steroid receptor co-activator-1) [ 7], GRIP1 (glucocorticoid-
receptor-interacting protein 1) [8] and its human homologue TIF2
(transcriptional mediator/intermediary factor 2) [9] and ACTR
(activator for thyroid hormone and retinoid receptors) [10], also
known as AIB1 (amplified in breast cancer 1; [11]), RAC3 (re-
ceptor-associated co-activator 3; [12] or TRAM1 (thyroid hormone
receptor activator molecule 1; [13]), and its mouse homologue
p/CIP [14]. The interaction of the p160 proteins with the LBD
(ligand-binding domain) of NRs is mediated by the LXXLL (Leu-

Xaa-Xaa-Leu-Leu) motif [15-19]. This sequence forms part of
an amphipathic «-helix, which binds in a conserved hydrophobic
cleft on the surface of liganded LBDs. The C-terminal region of
the p160 co-activators is also able to interact with the AF1 domain
of some NRs, and then enhance the AF1 activities of those NRs
in the absence of ligands [20,21]. However, it is unclear whether
these AF1s bind to specific motif(s) on the pl60 co-activator
similar to the LXXLL motif for AF2 binding. CBP, p300 and
p/CAF have each been shown to possess histone acetyltransferase
activities and directly interact with AF1 and AF2 [6,22]. The
co-activator function of CBP/p300 probably involves a variety
of mechanisms, because these proteins can bind to many trans-
criptional activators, NR co-activators and components of the
basal transcriptional machinery [23-27]. These properties have
prompted the suggestion that CBP/p300 serves as a scaffold or
platform for the assembly of transcriptional co-activators and as
a signal in multiple regulatory pathways [25,28-30].

Two ADs (activation domains), AD1 and AD2, in the p160 co-
activator for the transmission of the activation signal from NRs
have been identified in previous studies [21,31,32]. GRIP1 and
CBP associate both in vivo and in vitro. The GRIP1 sequences
required for this interaction have been mapped to amino acids
1010-1131 or 1057-1109 [21,31]. This region co-localizes with
the potent transcriptional activation domain AD1, which has been
shown to be CBP-dependent. A number of studies have em-
phasized the functional importance of pl60—CBP interactions
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[10,33-36]. It has been shown that the deletion of amino acids
1018-1088 in ACTR, which includes the CBP-interaction domain
AD1, negates the ability of ACTR to stimulate GR (glucocorti-
coid-receptor)-mediated transcription in transiently transfected
cells. Similarly, it has been shown that a deletion in the region
encoding SRC1 AD1 (amino acids 900-950) abrogated the abi-
lity of SRC1 to enhance ligand-dependent and -independent trans-
cription by the ER (oestrogen receptor). CBP has been shown to
acetylate ACTR at a lysine residue adjacent to an LXXLL motif,
resulting in the dissociation of ACTR from the LBD. Thus it
has been suggested that CBP may both facilitate and attenuate
NR-mediated transcription.

A second AD located close to the C-termini of the p160s (AD2;
amino acids 1122-1462 in GRIP1) has previously been shown
to bind CARMI (co-activator-associated arginine methyltrans-
ferase 1), a protein with arginine methyltransferase activity that
methylates histones and CBP [32]. Both binding of p300 to AD1
and binding of CARMI1 to AD2 are required for their respective
ER co-activator functions, and for their synergy [37]. Further-
more, CARM1 can methylate CBP in vitro and in vivo, and control
CBP co-activating activity in GRIP1-dependent transcriptional
activation and in hormone-induced gene activation [38,39]. The
goals of the present study were to map the CBP/p300-interacting
sites in GRIP1 in detail, and to investigate the importance of these
CBP-interacting sites of GRIP1 for its co-activation function.

MATERIALS AND METHODS
Plasmids

The pSG5.HA vector coding for full-length GRIP1 (codons 5—
1462) has been described previously [32]. For other GRIP1s,
codons 563-1121, 563—-1094 and 563-1012 were cloned as an
EcoRI-Sall fragment into the EcoRI and Xhol sites of vector
pSGS5.HA; for GRIP1, codons 1013-1121 were cloned as an
EcoRI-Xhol fragment into the EcoRI and Xhol sites of vector
pSGS5.HA. Deletions of pSG5.HA.GRIP1s_,,, and pSGS5.HA.
GRIP156;_112;, including codons 1075-1083 and 1095-1106, were
performed using the Promega Gene Edit kit. The pSG5.HA vector
coding for full-length CBP was cloned as a full-length CBP
HindlII-BamHI fragment from pCDNA3b.Flag.CBPHA (a gift
from Dr. Tso-Pang Yao, Duke University, Durham, NC, U.S.A.)
into the HindIIl and BamHI sites of vector pSG5.HA modified
by introducing a Notl-HindIIl fragment into the EcoRI and
Xhol sites. Various fragments of GRIP1s were constructed by
inserting EcoRI-Sall fragments of the appropriate PCR-amplified
GRIP1 cDNA into the EcoRI and Sall sites of the pM vector
(ClonTech), a vector for the expression of GAL4 DBD (DNA-
binding domain) fusion proteins from a constitutive SV40 (simian
virus 40) early promoter. The expression vector (pM) for the
GAL4 DBD fused to CBP,y4;_24 and the Ad5S E1A(12S) and
CBP-binding mutants have been described previously [5,40]. The
reporter genes consisting of an MMTYV (mouse-mammary-tumour
virus) promoter that contains the LUC (luciferase)-coding region
(MMTV-LUC), EREII-LUC (GL45), MMTV(TRE)-LUC and a
reporter gene GK1 that contains five GAL4 response elements
upstream of a minimal adenovirus E1B have been described
previously [41,42]. For the expression of NRs in mammalian
cells, vectors pSVAR, for human AR (androgen receptor) [43],
pHEO for human ER« (Gly-400 — Val) [44], pPCMX.hTRp1 for
human TRA1 (thyroid receptor 1) [18], pKSX for mouse GR
[45], and pCMV.hPR-B for human PR (progesterone receptor) B
[46], were used as described previously.

Yeast expression plasmids coding for fusion proteins of GAL4
DBD and p300 (codons 1856-2414) and ER HBD (hormone-
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binding domain) have been described previously [17,47]. Yeast
expression plasmids coding for fusion proteins of GAL4 AD (or
GAL4 DBD) and various GRIP1 fragments were constructed by
inserting EcoRI-Sall PCR fragments into pGAD424 (or pGBT9
vectors) (ClonTech).

The bacterial expression vector for GST (glutathione S-trans-
ferase) fused to CBP (codons 2041-2240) was constructed by in-
serting the appropriate PCR fragment into pGEX-4T1 (Amersham
Biosciences) via the EcoRI and Xhol sites.

Cell culture and transient transfection assays

For functional assays, HeLa, COS-7, HEK (human embryonic
kidney)-293 and CV-1 cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10 % charcoal/dextran-
treated foetal bovine serum. Transient transfections and LUC
assays were performed as described previously [21] in 24-well
culture dishes. Total DNA was adjusted to 1 ug by adding the
necessary amount of pSG5.HA vector. Luciferase activity of
the transfected cell extracts is presented as relative light units,
and represents the mean and standard deviation for three trans-
fected cultures. As the expression of many control vectors was
used to monitor transfection efficiency influenced by co-activ-
ators, internal controls were not used. Instead, reproducibility of
observed effects was determined in multiple independent trans-
fection experiments.

Immunoblotting

Immunoblots were performed as described previously [21] using
30 % of the extract from lysates for immunoprecipitation with
monoclonal antibodies 3F10 (Roche) against the HA epitope and
RK5C1 (Santa Cruz Biotechnology) against GAL4 DBD.

Protein—protein interaction assays

For GST pull-down assays, **S-labelled proteins were produced
with the TNT T7-coupled reticulocyte lysate system (Promega),
and GST fusion proteins were produced in Escherichia coli strain
BL21, eluted and analysed by gel electrophoresis, as described
previously [17].

Yeast two-hybrid assays were performed as previously de-
scribed [17]. Where indicated, yeast cultures were incubated for
approx. 15 h before harvest with 100 nM oestradiol for ER. §-
Galactosidase (B-gal) activity of extracts from the liquid yeast
cultures is expressed as the mean and standard deviation of
results from three independently transformed yeast colonies, and
is representative of two or more independent experiments.

RESULTS
Two distinct CBP-interacting sites in the GRIP1 AD1 domain

To study possible CBP-interacting sites in the GRIP1 ADI1
domain, we analysed the AD1 domain of three p160 co-activator
family proteins based on two previous studies [21,31], and found
that there were two highly conserved regions, amino acids 1075—
1083 (I) and 1095-1106 (II), in this AD1 domain (Figure la).
We then constructed these two internally deleted fragments in
GRIP156;_115; to test whether these two regions were responsible
for direct interaction with CBP. In the GST pull-down assay, any
fragment deleted in these two regions lost the ability to bind
the CBP C-terminus (amino acids 2041-2240) compared with the
wild-type GRIP1 fragment (Figure 1b). Similar observations were
also made in the yeast two-hybrid assay; however, the deletion of
site II caused a weaker binding ability (approx. 30 %) to p300



Roles of two CBP-interacting sites of GRIP1 in nuclear receptor functions 113

I II
GRIP1 1070 AESPSDEGALLDOLYLALRNFD..GLEEIDRALGIPELV 1106
Q ACTR 1064 L-GQ---R------ HTL-S-T-AT---==-===mm=mnn 1102
SRC-1 923 V-GRN--K~--E~~VSF-SGK-ETE~A~-L---~--=-DK-- 951
s | 3
b 8 B C B-gal activity (U)
‘E'u; - 0 20 40 60 80
g 8 &
I'\/%I a b ¢
563 121
1 T |
563 1121
2 T—1 [= 7]
563 1121
3 —171 = =
5 1094
PN =
5 1012
i e
- S

Figure 1

Two CBP-interacting sites in the GRIP1 AD1 are mapped to amino acids 1075-1083 (I) and 1095-1106 (11)

(a) Sequence alignment of the CBP-interaction domain in GRIP1 with the corresponding region in ACTR and SRC-1. Identical residues in all three proteins are indicated (—), as are gaps introduced
for optimal sequence alignment (..). Sequences of the two sub-CBP-interaction domains are underlined and labelled | and II. (b) Interaction of the C-terminal region of CBP with two sub-CBP-binding
domains of GRIP1 in vitro. Glutathione—Sepharose bound to GST or GST—CBPyg1_2049 Was incubated with ®S-labelled GRIP1 fragments translated in vitro from pSG5.HA vectors. GRIP1 fragments
translated in vitro include the amino acids below. (¢) Interaction of C-terminal region of p300 with two CBP-interacting sites of GRIP1 in yeast two-hybrid assays. pGAD424 (GAL4 AD) vectors, fused
to the indicated GRIP1 fragments, were expressed in yeast strain SFY526, along with GAL4 DBD-p300 (amino acids 1856—2414) or GAL4 DBD-ER HBD fusion proteins; when ER HBD was present,
yeast cells were grown in 100 nM oestradiol. Activation of the integrated 8-gal reporter gene controlled by GAL4-binding sites was determined by measuring 8-gal activity in cell extracts. Numbers
beside the columns indicate fold activity relative to no added GRIP1 fragment. We observed a similar expression pattern (b) in two independent experiments. The data in (¢) are based on at least

three separate experiments.

C-terminus (amino acids 1856-2414) to be retained than wild-
type GRIP1 did (Figure lc, compare histograms 1, 2, 4 and 5,
closed columns). A smaller fragment containing these two re-
gions, amino acids 1013-1121, was sufficient to interact with CBP
or p300 C-terminus, whether analysed by GST pull-down or yeast
two-hybrid assays (Figures 1b and 1c). All pGAD424.GRIP1
fragments, except for amino acids 1013-1121, were proven to
retain their ability to interact directly with ER, which suggests that
these GRIP1 fragments functioned normally through the intact
LXXLL motif in cells (Figure 1c, open columns).

CBP-dependent and -independent transactivation activity
in the GRIP1 AD1 domain

Results shown in Figure 1 demonstrate that there were two dis-
tinct CBP-interacting sites in the ADI transactivation domain
of GRIP1. To examine the functional role of these two CBP-
interacting sites for GRIP1 AD1 activity in yeast strain SFY526,
we used the pGBT9 vector, fused to a yeast GAL4 DBD and
which could activate a f-gal reporter gene controlled by a
GAL4 enhancer site in yeast, to express wild-type GRIP1s¢; 151,
two internal truncated fragments (deletion in site I or II) in
GRIP15¢;_1121, C-truncated GRIP1s (amino acids 563-1094 and
563-1012), and C-terminal GRIP1 (amino acids 1013-1121).
Our data showed that the GRIP1 fragment with site I deleted
completely lost its transactivation activity from the AD1 domain
(Figure 2, compare histograms 2 and 3). However, following the
deletion of site II, the same level of transactivation activity was
retained as in wild-type GRIP1 (Figure 2, compare histograms 2
and 4). A similar result was observed in the C-truncated GRIP1
(amino acids 563-1094), which contained site I. Compared
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Figure 2 The effect of the two CBP-interacting sites on GRIP1 AD1 activity
in yeast strain SFY526

pGBTY (GAL4 DBD) fusion proteins of GRIP1 fragments (indicated by amino acid numbers) were
expressed in yeast strain SFY526. Activation of the integrated B-gal reporter gene controlled
by GAL4-binding sites was determined by measuring B-gal activity in cell extracts. The two
sub-CBP-interaction domains are labelled | and II. The data are based on at least three separate
experiments.

with the activity of wild-type GRIP1 (amino acids 563-1121),
the region of amino acids 1013—1121 was able to express full
transactivation activity in the AD1 domain (Figure 2, compare
histograms 2 and 7). In contrast, one construct without these
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Figure 3 The effect of the two CBP-interacting sites on GRIP1 AD1 activity in HeLa, HEK-293 and CV-1 cells

HeLa cells (a), HEK-293 cells (b) and CV-1 cells (e) were transiently transfected with 0.5 g of the expression vector pM or various pM—GRIP1 fragments, along with the GK1 reporter gene (0.5 1.g),
which encodes LUC and is controlled by GAL4 response elements. Luciferase activities of the transfected cell extracts were determined. RLU, relative light units. Numbers beside the columns
indicate fold activity relative to no added GRIP1 fragment. The two sub-CBP-interaction domains are labelled | and II. (d) COS-7 cells were transiently transfected in 6-well plates with 1 g of
the indicated pM—GRIP1 fragments. Immunoblots were performed as described in the Materials and methods section using 30 % of the extract from lysates for immunoprecipitation and monoclonal
antibody RK5C1 (Santa Cruz Biotechnology) against GAL4 DBD. We observed a similar expression pattern (d) in two independent experiments. These data (a—¢) are the average of three experiments
(means+S.D.;n=3).

two CBP-interacting sites in amino acids 563—-1012 expressed a These two distinct CBP-interacting sites of GRIP1 are necessary
weaker transactivation activity (Figure 2, compare histograms 1, for the enhancement of the transactivation activity of CBP
2 and 6).

We also analysed the transactivation activities of these GRIP1
constructs in HeLa, HEK-293 and CV-1 cells (Figure 3). Our pre-
vious studies have demonstrated that the transactivation activity
of the AD1 domain of GRIP1 could be repressed by its own C-ter- ' 1116 the transactivation activity of the C-terminal region of

minal region (S.-M. Huang, W.-C. Hsu and T.-Y. Hsieh, unpub- CBP, CBP amino acids 2041-2240, a primary region for binding
lished work). Here, our observation showed that GRIP19;3-1121 with the AD1 region of GRIP1, was fused to the GAL4 DBD and
?ad thet hlgl?.e“ trar;sac;watlon act1v1ktly tOf all tGIStZd G(lflg)l_ tested in transiently transfected HeLa cells in the presence and ab-
ragments (Figures a--¢, compare fustograms 1-3 an ’ sence of the two CBP-interacting sites of various GRIP1s. As
GRIPI56;_112 had a hlgher.transactlvatlon activity than full- shown in Figure 4(a), any GRIP1 fragments containing both
length GRIP1 (GRIPL;_,uq; Figures 3a—3c, compare histograms 1, sites I and II were able to enhance further CBP transactivation

t2 and 312 A? COHSTU(.:IS ‘le;th site 13d elgted expresseﬁyfry low ozng activity, whereas GRIP1 fragments lacking either CBP binding
ransactivation activity (Figures 5a-5c, compare lustograms 4, site I or II lost this ability. Thus we demonstrated the mutuality

and 9), Whe.reas following the site 1 dgletlon they retained part or of GRIP1 and CBP through the CBP-interacting sites of GRIP1
all of the wild-type GRIP1 activity (Figures 3a—3c, compare his- .
(Figures 3a and 4a).

tograms 3 and 5 or 8 and 10). The difference in activity in histo-
grams 4 and 7 was not caused by the expression of these constructs
in cells (Figure 3d). In contrast with the result from yeast (Fig-
ure 2, histogram 6), GRIP1ss;_,0;, without these two CBP-inter-
acting sites had no transactivation activity in HeLa and CV-1 cells The study of Ma et al. [21] demonstrated that the two signal input
(Figures 3a and 3c, compare histograms 1 and 7). In summary, domains (one that binds NR AF2 domains and one that binds
our findings in yeast, HeLa, HEK-293 and CV-1 cells suggest AF1 domains of some, but not all, NRs) and the two signal output
that these two CBP-interacting sites in GRIP1 play different func- domains (AD1 and AD2) of p160 co-activators played different

The fact of the physical interaction between CBP and GRIP1 sug-
gests that GRIP1 might enhance CBP’s primary co-activator
functions through its effect on CBP transactivation activity. To
test the ability of two CBP-interacting sites (I and II) of GRIP1

Differential use of these two GRIP1 CBP-interacting sites by TR

tional roles in its AD1 transactivation activity. However, site  was relative roles for two different NRs: AR and TR (Figures 5 and 6).
more important than site II for the AD1 transactivation activity of We confirmed that the AD1 domain made a stronger contribution
GRIP1, whether in mammalian or yeast cells. than the AD2 domain to the TR function through site I (Figure Sa,
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Figure 4 The effect of the two CBP-interacting sites on CBP putative
transactivation activity in HeLa cells

() HeLa cells were transiently transfected with 0.25 g of pM.CBP241_2040 and 0.25 g of
pSG5.HA or various pSG5.HA.GRIP1 fragments, along with the GK1 reporter gene (0.5 11g). LUC
activities of the transfected cell extracts were determined. The basal activity of pM.CBPga1_2040 is
indicated by the dotted line. The two sub-CBP-interaction domains are labelled | and I1. (b) COS-
7 cells were transiently transfected in six-well plates with 1 g of the indicated pSG5.HA.GRIP1
fragments. Immunoblots were performed as described in the Materials and methods section
using 30 % of the extract from lysates for immunoprecipitation and monoclonal antibody 3F10
(Roche) against the HA tag. These data (a) are the average of three experiments (means +S.D.;
n=3).

compare histograms 2, 3 and 5). In contrast, the deletion of
site II, retaining AD1 activity, had a higher co-activation effect on
TR function than wild-type GRIP1 (Figure 5a, compare histo-
grams 2 and 4). These findings suggest that these two CBP-
interacting sites in the GRIP1 AD1 region might simultaneously
have positive and negative roles on TR functions.

The LUC activities of exogenously overexpressed CBP, E1A
or an E1A mutant lacking the CBP-binding site [EIA(ACBP),
which were co-transfected with all tested GRIP1 fragments, and
their effect on TR function were calculated, and converted into
the ‘fold value’ by dividing the activity observed when empty
vector or specific GRIP1 was added with CBP (Figure 5b), E1A
(Figure 5c) or EIA(ACBP) (Figure 5d) by that of the empty
vector or specific GRIP1 alone. Our results demonstrated that
CBP displayed higher enhancement effects on GRIP1 fragments
containing site I, or sites I and II (Figure 5b, compare histograms 2,
5,7 and 8). However, inhibition by the exogenous overexpression
of E1A worked primarily on GRIP1 fragments containing site I
(Figure 5c, compare histograms 2, 4, 5, 7 and 8). The application

of the E1A mutant EIA(ACBP) to the TR system suggests that
the inhibition of TR function by E1A is not only mediated through
CBP, but is also mediated through other unknown factors in cells,
because this E1A mutant still repressed the co-activator functions
of GRIP1 fragments with an intact site I (Figure 5d, compare
histograms 2, 4 and 5).

GRIP1 AD2 activity in AR functions is negatively regulated
by its AD1 domain

Full-length GRIP1 fragments, with site I or II deleted, retained
the AD2-dependent co-activator function in the AR system (Fig-
ure 6a, compare histograms 1—4), because AR is a GRIP1 AD2-
dependent NR [21]. The higher AR co-activator function of the
full-length GRIP1 fragment with site II deleted suggests that
this site might be involved in the negative cross-talk between
GRIP1 AD1 and AD2 regions (Figure 6a, compare histograms 1—
4), because this effect was lost when GRIP1 fragments lacked
the AD2 region (Figure 6a, compare histograms 4 and 7). The
exogenous overexpression of CBP enhanced AR function alone
and the effects of all tested GRIP1 fragments on AR function
(Figure 6b). The inhibition by exogenous overexpression of E1A
worked primarily on the AR itself and on the GRIPI site I or
II (Figure 6¢). The effects of the E1A mutant EIA(ACBP) in
the AR system suggest that the inhibition of the AR function by
E1A is mediated primarily through CBP (Figure 6d). However,
the deletion of site I or II might change the functional role of CBP
in the AR-GRIP1 complex.

Cross-talk between GRIP1 AD1 and AD2 in ER functions

The study of Chen et al. [37] demonstrated that the co-activator
functions of p300 and CARM1 depend on the co-expression of
GRIP1. Co-expression of all three co-activators causes synergistic
enhancement of ER function. Both AD1 and AD2 are required for
their respective co-activator functions and for their synergy. Thus
mutations in AD1 (site I or site II) might disrupt the cross-talk
between AD1 and AD2. The enhancement of ER function by the
full-length GRIP1 fragment, expressing the strongest co-activator
function among truncated and mutant AD1 GRIP1 (Figure 7a,
compare histograms 2-5), supports the suggestion that both AD1
and AD?2 are required for its full co-activator roles for ER function.
Effects by mutation in either site I or site II suggest that intact
AD1 is important for GRIP1’s co-activator function in the ER
system (Figure 7a, compare histogram 2 with 3 and 4). However,
AD1 played a more important role than AD2 (Figure 7a, compare
histograms 2 and 5).

Exogenous CBP overexpression enhanced further the effect
of all tested GRIP1 fragments, except for ER itself, full-length
GRIP1 and the fragment derived from amino acids 563-1012, on
ER function (Figure 7b, compare histograms 1, 2 and 9). However,
inhibition by exogenous E1A overexpression worked primarily
on the GRIP1 ADI1 region (sites I and II; Figure 7c, compare
histograms 2 and 5). The application of EIA(ACBP) to the ER
system suggests that the inhibition by E1A on ER function is not
only mediated through CBP, but is also mediated through other
unknown factors in cells, because this E1A mutant still repressed
the co-activator functions of GRIP1 fragments with an intact AD1
region (Figure 7d, compare histograms 2 and 5).

The specific CBP-interacting site preference for GRIP1 co-activator
functions is dependent on the NR and on the cell type

The precise assembly of co-activators and components of co-
activator complexes required for physiological NR functions are
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Figure 5 The CBP-interacting site | of GRIP1 is required for its co-activator function in TR transcriptional activity

(a) HeLa cells were transiently transfected with MMTV(TRE)-LUC reporter gene (0.25 g), pPCMX-hTRB1 (0.01 1) encoding hTRB1, and 0.3 1.g of pSG5.HA or various pSG5.HA-GRIP1 fragments
in the presence of (b) pSG5.HA.CBP (0.25 1) (€) E1A (0.25 ) or (d) ETA(ACBP) (0.25 1g). Transfected cultures were grown in 100 nM 3,5,5'-tri-iodo-L-thyronine (Ts), and LUC activities of
the transfected cell extracts were determined. Numbers beside the columns indicate fold activity relative to that of hormone-activated TR with no added GRIP1. The actual LUC activities measured
for TR activity were as follows: no added T3, 195 415 RLU (relative light units); T; added, 411 420 RLU. Fold activations in (b), (¢) and (d) indicate fold activity relative to that shown in (a). The
dotted ling is indicated as 1-fold activity with CBP (b), E1A (¢) and ETA(ACBP) (d). The two sub-CBP-interaction domains are labelled | and II. These data (a—d) are the average of three experiments
(means +S.D.; n=3).
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Figure 6 The CBP-interacting site Il of GRIP1 exerts a negative role in its co-activator function in AR transcriptional activity

(@) Hela cells were transiently transfected with the MMTV-LUC reporter gene (0.25 1.g), pSVAR, (0.2 14g) encoding AR, and 0.3 g of pSG5.HA, or various pSG5.HA-GRIP1 fragments in the
presence of (b) pSG5.HA.CBP (0.25 1eg) (¢) E1A (0.25 ) or (d) ETA(ACBP) (0.25 1.g). Transfected cultures were grown in 100 nM dihydrotestosterone, and LUC activities of the transfected cell
extracts were determined. Numbers beside the columns indicate fold activity relative to that of hormone-activated AR with no added GRIP1. The actual LUC activities measured for AR activity were
as follows: no added dihydrotestosterone, 96 45 RLU (relative light units); dihydrotestosterone added, 323 + 30 RLU. Fold activations in (b), (¢) and (d) indicate fold activity relative to that in (a).
The dotted line shows 1-fold activity with CBP (b), E1A (¢) and E1A(ACBP) (d). The two sub-CBP-interaction domains are labelled | and II. These data (a—d) are the averages of three experiments
(means+S.D.; n=3).

not fully understood. Since the functions of components of co- GRIP1 co-activator function in the GR, PR and TR systems
activator complexes appear to be distinct, it is likely that trans- [Table 1, compare the data for full-length GRIP1 (amino acids
cription factor-specific differences exist in their association with 5-1462) with different statuses for sites I and II in HeLa cells].
factors within cells [48]. Hence we checked the preference of A small region (amino acids 563—-1012) without these two CBP-
these two CBP-interacting sites for GRIP1 co-activator functions interacting sites retained co-activator function in the GR system
on GR, PR and TR in HeLa, HEK-293 and CV-1 cells (Table 1). in HeLa cells. GRIP1 expressed AD1- and AD2-dependent co-
In HeLa cells, CBP-interacting site I was important for full-length activator functions with the GR and PR in HeLa cells. In HEK-293
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Figure 7 The CBP-interacting sites | and Il of GRIP1 are required for its co-activator function in ER transcriptional activity

(a) HeLa cells were transiently transfected with EREII-LUC reporter gene (0.25 1g), pHEO (0.01 1) encoding hERe, and 0.3 g of pSG5.HA, or various pSG5.HA-GRIP1 fragments in the presence
of (b) pSG5.HA.CBP (0.25 .g) (¢) E1A (0.25 wg) or (d) E1A(ACBP) (0.25 g). Transfected cultures were grown in 100 nM oestradiol, and LUC activities of the transfected cell extracts were
determined. Numbers beside the columns indicate fold activity relative to that of hormone-activated ER with no added GRIP1. The actual LUC activities measured for ER activity were as follows: no
added oestradiol, 242 + 15 RLU (relative light units); oestradiol added, 1515 4 130 RLU. Fold activations shown in (b), (¢) and (d) indicate fold activity relative to those in (a). The dotted line shows
1-fold activity with CBP (b), E1A (¢) and E1A(ACBP) (d). Two sub-CBP-interaction domains are labelled | and II. These data (a—d) are the average of three experiments (means + S.D.; n=3).

Table 1 Various functional roles of CBP-interacting sites | and Il of GRIP1 with GR, PR and TR in HeLa, HEK-293 and CV-1 cell lines

Hela, HEK-293 and CV-1 cells were transfected with plasmids encoding NR (0.1 14, except for 0.04 g of TR in HeLa cells) and the GRIP1 fragment indicated (0.35 14g), which also contained the
LUC reporter gene (0.25 1¢g), as shown. Transfected cultures were grown with the appropriate hormone (100 nM dexamethasone for GR; 10 nM progesterone for PR; 100 nM 3,3’ 5-tri-iodothyronine
for TR). LUC fold activation is expressed relative to that of samples containing NR, but no GRIP1. Similar activity profiles were observed in three independent experiments.

Fold activation

CBP-interacting

site status GR + MMTV-LUC PR + MMTV-LUC TR 4+ MMTV(TRE)-LUC
GRIP1 [ I HeLa HEK-293 CV-1 Hela HEK-293 CV-1 HeLa* HEK-293 CV-1
Vector - - 1402 1404 1402 1402 1401 1401 1401 1402 140,01
5-1462 + + 101 1401 321 5406 19%2 12402 17%2 5403 5+07
5-1462 - i 607 1501 181 2105 5+04 3103 2403 05+ 0.05 05+0.02
5-1462 + - 1341 1404 24402 5405 29502 13+ 1 4718 6+06 3407
5631121 + + 711 06+ 001 485 24 0.1 6+0.1 71403 1211 7106 13405
5631121 - + 6+0.1 140,01 34+1 1105 6+04 5402 1101 0.3+ 001 0.7+009
5631121 + - 7307 0.8+ 0.01 31506 2407 5403 6409 6+ 0.1 6+03 4502
563-1094 + 9+04 110,05 36+1 21 0.1 7104 81 6402 6402 4504
563-1012 - - 7402 14002 3116 2404 1301 8+1 2403 06+005 1302

*Fold values are calculated based on the relative data shown in Figure 5(a).

cells, CBP-interacting site I and AD2 of GRIP1 were necessary
for GRIP1 co-activator function in the PR system [Table 1; for
the importance of site I, compare the data for full-length GRIP1
(amino acids 5-1462) with different statuses for sites I and Il or the
difference between amino acids 563-1094 and 563-1012; for
the importance of AD2, compare the data for wild-type GRIP1
(amino acids 5-1462 and 563-1121) in HEK-293 cells]. CBP-
interacting site I was the sole determinant for GRIP1 co-activator
function in the TR system in HEK-293 cells (Table 1, compare
GRIP1 fragments with those that were internally deleted in site I).
No CBP-interacting site was essential for GRIP1 co-activator
function in the GR system in CV-1 cells (Table 1, compare amino
acids 5-1462 and 563-1012). In CV-1 cells, the PR function was
dependent on GRIP1 AD1 and AD2, whereas the fragment com-

prising amino acids 563—1012 without these two CBP-interacting
sites retained 67 % of the activity of the full-length GRIP1 co-
activator (Table 1). Similarly to the functional role of GRIP1 in the
TR system in HEK-293 cells, CBP-interacting site I was essential
for GRIP1 co-activator function in CV-1 cells (Table 1; compare
data for GRIP1 fragments with that of the fragment internally
deleted in site I).

DISCUSSION
The functional role of sites | and Il in the GRIP1 AD1 domain

Previous studies have suggested that GRIP1 AD1 activity appears
to be mediated through CBP, because AD1 could not be separated
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from the CBP interaction domain by mutation [21,31]. However,
these studies defined the AD1 domain to be either within amino
acids 1010-1131, or a smaller fragment of amino acids 1057—
1109 in GRIP1/TIF2. Our study has further identified two distinct
CBP-interacting sites located in amino acids 1057-1109: amino
acids 1075-1083 (site I) and 1095-1106 (site II). Following the
deletion of site I, the ability to interact with CBP and the AD1
transactivation activity was lost, whereas following the deletion
of site II, the fragment primarily lost the ability to interact with
CBP, but retained part or all of the AD1 activity (Figures 2 and
3). Hence our findings reveal that AD1 transactivation activity of
GRIP1 may or may not be mediated through CBP; that is, site I
expresses CBP-dependent, and site II has CBP-independent, AD1
activity. However, the real mechanism for site II remains to be
elucidated.

The functional roles of sites | and 1l depend on the NR
and cell type

The definition of GRIP1 as a primary NR co-activator is based
on its ability to interact directly with all NRs through its LXXLL
motif [15-19]. Many papers currently suggest that GRIP1 AD1
and AD2 synergistically enhance NR functions through CBP/
p300 and CARMI1 respectively [21,32]. CBP/p300 and CARM1
may act synergistically in vitro and in vivo on GRIP1’s NR co-
activation via their distinct protein-modifying enzymic activities
[32,37-39]. The question is which of these interactions is required
for the co-activator function of GRIP1 towards NRs. In the present
study, we have provided several lines of evidence to suggest that
GRIP1 AD1 (major region through site II) has effects on the cross-
talk between AD1 and AD2 functions in HeLa cells (Figures 5a
and 6a). Previous studies suggested that the TR transcriptional
system is primarily dependent on GRIP1 AD1 [21]. Hence the
deletion of site I in GRIP1 totally removed its co-activator function
in the TR system in HeLa cells (Figure Sa, compare histograms 1—
3) or played dominant negative roles in HEK-293 and CV-1 cells
(Table 1, shown by GRIP1 fragments with the fold activation
value < 1). The deletion of site II in GRIP1, which led to the
expression of a higher co-activator activity than for wild-type
GRIP1 in the TR system, suggests that site I might play a negative
role in ADI1 activity in HeLa cells, but not in HEK-293 or CV-
1 cells [Figure 5a (compare histograms 2 and 4) and Table 1],
whereas we failed to observe a similar result when one smaller
fragment (amino acids 5631121, lacking the AD2 domain) was
deleted in site I in HeLa cells (Figure 5a, compare histograms 5
and 7). A similar pattern of events was observed in the PR system
in HEK-293 cells, but not in HeLLa or CV-1 cells (Table 1). Similar
to the findings of cell-specific AR co-activation and repression by
a novel zinc-finger protein, Zac1 [49], these results suggest that
GRIP1-specific differences exist in terms of its association with
factors within three tested cell lines.

The enhancement of AR transcriptional activity by GRIP1 is
primarily dependent on its AD2 region [21]. Hence, following the
deletion of either site I or site II of GRIPI, it retained its NR co-
activator function in our assays because of an intact AD2 region
in these GRIP1 fragments in HeLa cells (Figure 6a, compare
histograms 1-5). However, the deletion of site II still elicited a
greater co-activator effect than that for wild-type GRIP1, whereas
we also failed to observe a similar result for the smaller fragment
(amino acids 563-1121) in HeLa and CV-1 (Figure 6a, compare
histograms 5 and 7, and results not shown). Our NR co-activator
function analysis reveals that site II in GRIP1 may serve as a
domain to repress GRIP1 co-activator function in TR and AR
systems in HeLa cells, and the repression mechanism may directly
mediate the cross-talk between AD1 and AD2 domains or other
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unknown pathways. In the ER transcriptional system, both AD1
and AD2 are required for GRIP1’s full enhancement because
GRIP1s6;_112 (lacking AD2) expressed a lower effect than full-
length GRIP1 in HeLa, HEK-293 and CV-1 cells (Figure 7a,
compare histograms 2 and 5, and results not shown). However, the
functional role of site II in the ER system was different from that
in the TR or AR system, and sites I and II were both required for
GRIP1’s co-activator function through its AD1 in the ER system
(Figure 7a, compare histograms 2—7, and results not shown).

The introduction of exogenous CBP, E1A and E1A(ACBP)
into GRIP1-NR complexes suggests that CBP might be an NR
co-player, i.e. a primary or secondary NR co-activator, depending
on the NR type (compare Figures 5b, 6b and 7b). However,
some unknown factors, for example retinoblastoma or p/CAF,
might also be important co-players in GRIP1-NR transcriptional
complexes (compare Figures 5d and 7d). One GRIP1 fragment
(amino acids 563—1012) has partial or full co-activator activity in
the GR system in HeLLa and CV-1 cells (Table 1), and has partial
co-activator activity in the PR system in CV-1 cells (Table 1). The
unknown factors (novel molecules or mechanisms) remain to be
studied in the future.

In summary, our study further subdivides the AD1 domain into
CBP-interacting sites I and I to provide a new definition of GRIP1
function domains: TR is dependent on the GRIP1 CBP-interacting
site I; CBP-interacting site I is necessary for GRIP1 AD1 function
in the PR system in HEK-293 cells, but not not CV-1 cells. Our
study reveals the preferential role of the CBP-interacting site in
GRIP1 for its co-activator functions in cells.
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