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ABSTRACT: In CV-1 cells transfected with wild-type (wt) nuclear thyroid hormone receptgdITR'R),
L-thyroxine (Ts) causes activation and nuclear translocation of mitogen-activated protein kinase (MAPK,
ERK1/2), co-immunoprecipitation of MAPK and TR, and MAPK-dependent serine phosphorylation of
TR. In the present studies, we have identified (1) the likely site of TR serine phosphorylation in the TR
DNA-binding domain (DBD) by F-activated MAPK, (2) the site of MAPK docking on TR induced by

Ta, and (3) functional consequences of TR docking site and serine phosphorylation site mutations on
co-repressor and co-activator binding and on transcriptional activation by wt and mutant receptors in
Ta-treated cells. Plasmids containing JiRserine 142-substituted TR (ER240r TRs1428, TRk128a, TRr1324,

or TRri33a Were transfected into CV-1 cells, and the cells were treated with WD T4 for 30 min.
Activated MAPK was present in nuclear fractions of al-tfeated cells and co-immunoprecipitated
prominently with TRy, TRs1424 and TR1428 TRk128a COmplexing with activated MAPK was minimally
detectable, but no association of MAPK with g4 0r TRr133aWas seen in cells treated with.[Serine
phosphorylation of TR, but not of any mutants, occurred with.Tn in vitro phosphorylation studies,
constitutively activated MAPK phosphorylated only JiRWe concluded that serine 142 of the TR DBD

is the likely site of phosphorylation bysfactivated MAPK and that the docking site on TR for activated
MAPK includes residues 128133 (KGFFRR), a basic amino acid-enriched motif novel for MAPK
substrates. TR mutations in the proposed MAPK docking domain and at residue 142 modutated T
conditioned shedding of co-repressor and recruitment of co-activator proteins by the receptor, and they
altered transcriptional activity of TR in a thyroid hormone response elenhaciferase reporter assay.

Thyroid hormone treatment of cells rapidly activates the of T,, indicating that the hormone effect is initiated at the
mitogen-activated protein kinase (MAPKgignal transduc-  cell membraneX). T;-activated MAPK (ERK1/2) translo-
tion pathway in several cell linesl{3). In physiologic cates from cytoplasm to the cell nucleus in less than 15 min,
concentrations,-thyroxine (Ty) is more effective than 3,5;3 with a maximal effect at 30 min, and forms transient
triiodo-L-thyronine (%), and T;-agarose imitates the effect immunoprecipitable complexes with a variety of nucleopro-

teins which are no longer evident in 1 h. This complex
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which the first or second zinc fingers of the DNA-binding
domain (DBD) of the nuclear glucocorticoid receptor (GR)
were substituted for the corresponding segments of @R (

T4-induced complexing of TR and MAPK and serine
phosphorylation of TR did not occur in mutants containing
the second portion of the DNA-binding domain of GR in

supplemented with 10% fetal bovine serum for 24 h, then
for 2 days in medium with 0.25% serum previously depleted
of thyroid hormone by the method of Samuels et &0)(as
modified by Weinstein et al1(l), and in serum-free medium
for 2 h. Cells were then treated with for 30 min at 37°C,
harvested, and washed twice in ice-cold phosphate-buffered
place of that of TR. This finding suggested that the site of saline. For preparation of nuclear fractions, the cells were
TR docking with MAPK was in the second zinc finger of then lysed in hypotonic buffer containing 20 mM HEPES
the receptor. Examination of this sequence on TR reveals abuffer (pH 7.9), 10 mM KCI, 0.1 mM N&/O,4, 1 mM EDTA,
basic amino acid-enriched sequence, KGFFRR (residues10% glycerol, 1 mM phenylmethylsulfonyl fluoride, :8/
128-133), which includes certain characteristics of preferred mL aprotinin, 1 mg/mL pepstatin, 20 mM NaF, and 1 mM
MAPK docking sites T, 8). dithiothreitol with 0.2% NP-40, and placed on ice for 10

We also proposed that a likely site of TR serine phos- min (1). After centrifugation at £C and 13,000 rpm for 1
phorylation was residue 142, as this serine is preceded by amin, supernatants were collected as cytoplasmic extracts. The
proline, forming a PS sequence which has been reported agrecipitates containing crude nuclei were resuspended in
an ERK substratedj. In the current study, we show evidence high-salt buffer (hypotonic buffer with 20% glycerol and 420
that serine 142 is the DBD site of MAPK phosphorylation mM NaCl) at 4°C with rocking for 30 min. After subsequent
of TR. In addition, we identify an amino acid sequence on centrifugation at 4°C and 13 000 rpm for 10 min, the
TR for co-immunoprecipitation, or docking, with-Bctivated supernatants containing nucleoproteins were collected. In
MAPK that is relevant to phosphorylation of serine 142, to selected studies, cells were exposed to DMEM containing
the dissociation of the TRSMRT complex, to association PTU (1 mM) or ipodate (10@M) in medium without serum
of TR with the co-activator p300, and to transcriptional and the cells incubated for 16 h prior to treatment with T
activity of cellular TR in response to exposure of cells to or diluent, to eliminate the possibility of cellular conversion
Ta. of T4 to Ts.

Immunoprecipitation and Immunoblottingfter normal-

EXPERIMENTAL PROCEDURES ization of nuclear protein content, immunoprecipitation was

Materials. L-T4, 3,5,3-triiodo-L-thyronine (T), agarose-

performed using a monoclonal antibody to the amino-
T4, 6-n-propyl-2-thiouracil (PTU), and 3-(3-amino-2,4,6- terminal half of the AB domain of TRL (Santa Cruz, Santa

triiodophenyl)-2-ethyl-propanoic acid (ipodate) were obtained Cruz, CA), to MAPK (ERK2, Transduction Laboratories,
from Sigma Chemical Co., St. Louis, MO. Stock solutions Lexington, KY), or with a polyclonal antibody to serine-
of T4 or T3 were prepared in 0.04 N KOH with 4% propylene phosphorylated proteins (Research Diagnostics, Flanders, NJ)
glycol, and dilutions were made to final concentrations as or to activated MAPK (pERK1/2) (New England BioLabs,
indicated. In experiments in whichyWas added to cultured  Beverly, MA). Aliquots of immunoprecipitates from samples
cells in serum-free medium, the total and freecdncentra- in a given experiment were separated by discontinuous
tions were 107 and 0.7x 1071° M, respectively 8). There SDS-PAGE, and resulting proteins were electroblotted to
was no measurable ;Tin the hormone-depleted serum- Immobilon membranes (Millipore, Bedford, MA). Polyclonal
supplemented medium to which, Was addedZ2). antibodies to SMRT and p300 (Santa Cruz) or to activated

Cell Culture and Transfection of TRy and Amino Acid- ERK (pERKZ1/2) were used to detect those antigens in TR
Substituted TRs for Signal Transduction Studi@é-1 cells immunoprecipitates. Monoclonal antibody to the C-terminal
were maintained and grown in Dulbecco’s modified essential amino acids 235414 of TRG1 (Affinity Bioreagents, Inc.,
medium (DMEM) supplemented with 10% fetal bovine Golden, CO) was used for immunoblots of TR immuno-
serum. The TIR1 DNA probe is available in our laboratory  precipitates. Immunoblots were visualized by enhanced
(2). Mutations within TRB1 receptor-encoding sequences luminescence (ECL, Amersham Life Sciences, Arlington
were created using the quick-change kit (Stratagene, La JollaHeights, IL) and illustrated by digital imaging (Biolmage,
CA), and probes were verified by DNA sequencing. Mu- Millipore). All results shown are representative of three or
tagenic oligonucleotides were supplied by Invitrogen (Carls- more studies.

bad, CA). The wt TRR1 (TRy) and the mutants TRazx,
TRs1425 TRk128a TRR132A and TRizzawere transformed into
competenE&scherichia coliand plated on ampicillin-treated

In Vitro Phosphorylation of TRs by Actited MAPK.
Equal amounts of nuclear extracts from CV-1 cells trans-
fected with wt or mutant receptors were immunoprecipitated

agar plates. Single colonies were chosen and grown overnightwith anti-TR31 antibody. Aliquots of the immunoprecipitates

in Circle Grow culture broth (Biol01, Carlsbad, CA)
containing ampicillin (10 mg/ml). Plasmid DNA was isolated
and purified by a modified alkaline lysis protocol, and for

signal transduction studies, probes in pcDNA were trans-

fected into CV-1 cells with LipofectAMINE Plus, as we have
previously described?j. Mutations at residues 128, 132, and
133 were intended to explore the putative MAPK docking

were incubated for 30 min at 3@ with 5 units of activated
MAPK (New England BioLabs) in 50 mM Tris-HCI (pH
8.0) with 0.5 mM EDTA, 25 mM MgCJ, 1 mM dithiothrei-
tol, 10% glycerol, and 2@M ATP, and 0.05«Ci [y-32P]-
ATP (PerkinElmer Life Sciences), following the method of
Kato et al. ((2). After incubation, the proteins were solubi-
lized, separated by PAGE, and radioautographed.

site. Mutations at residue 142 either defined the importance Transcriptional Actiation StudiesCV-1 cells were grown
of a serine subject to phosphorylation (S142A), or created ain DMEM with 10% serum until 56-70% confluent. They
charge at this site (S142E) similar to that of a phosphoserine.were then diluted in 6-well plates, incubated overnight, and

Cell Treatment and Preparation of Nuclear Fractions.
CV-1 cells were maintained after transfection in DMEM

in the absence of serum or antibiotics transfected with the
following: 0.5ug of -galactosidase DNA in a pSVL vector,
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Ficure 1: Effect of T, on nuclear uptake of activated MAPK in
CV-1 cells transfected with TRL,: (wt) or TR serine 142 mutants
(S142A, S142E). CV-1 cells were transfected with,{/Rr S142A

or S142E TR mutants, and then treated with T0-7 M, for 30

min. Selected experiments were performed after cell treatment with
PTU (1 mM) or ipodate (10&M), as described in Experimental
Procedures. Nuclear proteins from each sample were immunoblotte
with anti-phosphorylated MAPK (pERK1/2). All cells treated with
T4 (+), including cells which received no receptor (empty plasmid,
P), showed increased nuclear pERK1/2 compared to similarly
prepared cells without siireatment ). Neither PTU nor ipodate
altered the T effect.

1.0 ug of reporter vector containing the thyroid hormone
response element DR4 linked with a mouse T/&Bubunit
gene, the herpes simplex virus thymidine kinase promotor
and luciferase cDNA, and 1,0g of TRy or mutants in a
CMX derivative containing a CMV promoter, using the
LipofectAMINE Plus protocol as described above. Incubation
was for 5 h at 37C, followed by addition of DMEM with
20% serum and an overnight incubation. Cells were then
placed in DMEM plus 0.25% hormone-stripped serum,
penicillin, streptomycin, and 1 mM PTU, and treated with
L-T4, 107 M, for 24 h. Luciferase ang3-galactosidase
activities from each cell sample were measured in triplicate
with the Dual Light Assay System (Tropix, Bedford, MA),
and luciferase activity was normalized to the level of
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Ficure 2: Effect of T, on nuclear uptake of TR in CV-1 cells
transfected with TR (wt) or a serine 142-substituted mutant
receptor, S142A or S142E. CV-1 cells were treated witl{ID~7

M) for 30 min as described in Figure 1. All cells transfected with
wt or mutant receptor showed presence of some TR in nuclei of
cells in the absence of,T{—). Cells which were not transfected
with TR (P) showed no receptor. In TRcells treated with T(+),
nuclear receptor content was increased 2.3.1-fold in three
experiments. Cells transfected with S142A or S142E mutants
showed a similar increase in nuclear TR content wistr&atment
(2.1+ 0.5- and 1.6t 0.1-fold increase, respectively). Pretreatment

of cells with ipodate (10@:M) did not alter this T effect (lower

altered this effect of 7, indicating that conversion of ko
T3 by these cells is not a consideration in these experiments.

Thyroxine Causes Nuclear Accumulation of TR in Cells
Containing wt TR and in S142A and S142E Mutam£V-1
cells transfected with TR, TRsi42a4 Or TRsi42s TR was
evident in nuclei in the absence of freatment (Figure 2),
confirming the effectiveness of the transfections, 107
M, caused increased nuclear accumulation of wt, S142A, and
S142E TR in CV-1 cells. Cell samples which received
plasmid alone served as negative controls and showed
absence of TR in nuclei of control and-freated cells.

Effect of Thyroxine Treatment of CV-1 Cells Transfected
with wt TR or TR S142 Mutants on Nuclear Co-Immuno-
precipitation of Receptors with MAPICV-1 cells transfected
with wt or S142 mutants were treated with @r control
solvent for 30 min, and nuclear proteins were immuno-
precipitated with antibody to T/RL. The immunoprecipitated
proteins were separated by PAGE and immunoblotted with

p-galactosidase in the same sample. Results are presentegntibody to ERK2 or to pERK1/2. Co-immunoprecipitation

normalized to a luciferase value of 1.0 in samples without
receptor.

RESULTS

Thyroxine Causes Acttion and Nuclear Translocation
of Activated MAPK in CV-1 Cells in the Presence or Absence
of TRB1. CV-1 cells were transfected with TR or the
mutants TR1424 0r TRs1428 The cells were then exposed to
T4 1077 M, for 30 min. The accumulation of activated
MAPK in nuclear fractions of Ftreated cells was determined
by immunoblotting with antibody to tyrosine-threonine-
phosphorylated MAPK isoforms ERK1 and ERK2 (pERK1/
2). In Figure 1 it is clearly seen that activated MAPK was

of nuclear TR and ERK2 was absent in cells which were
not exposed to J (Figure 3A). On the other hand, the
presence of ERK2 in TR immunoprecipitates aftiieated
cells signifies nuclear complexing, or docking, of these two
proteins in response to the hormone, as we have previously
described2). This effect of T, occurred in cells transfected
with wt, S142A, and S142E probes, with or without
pretreatment with PTU, 1 mM.

In additional experiments, nuclear proteins qftieated
and control cells were immunoprecipitated with antiglR
and the precipitates were analyzed for the presence of
phosphorylated ERK1/2 (Figure 3B). Again, Taused
nuclear localization and complexing, or docking, of IR

absent from nuclei of untreated cells, but that in cells treated and phosphorylated ERK1/2 isoforms. The absence of a
with T, for 30 min, accumulation of nuclear activated MAPK  serine at residue 142 did not diminish co-immunoprecipita-
occurred. As we have previously reportdd %), this effect tion of TR and ERK1/2 in T-treated cells. In the study
was independent of whether cells contained endogenous TRshown, cells were pretreated with ipodate, and there was no
as CV-1 cells which received plasmid (P) without TR also effect of this 5-deiodinase inhibitor on the action of, Tagain
showed MAPK activation upon slireatment. Also evident indicating that the T effect is not mediated by conversion

is that the presence of the serine 142-substituted mutantof T, to Ts.

receptors did not alter the, EBffect on activation and nuclear T,-Activated MAPK Serine-Phosphorylates AR, but
translocation of activated ERK1/2. Neither PTU nor ipodate Not TR with Mutations at Residue 142V-1 cells were
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Ficure 3: T, causes nuclear complexing of ERK1/2 with wt TR
and with TR containing mutations at serine 142 in CV-1 cells. Cells

were transfected with wt, S142A, or S142E constructs as in Figure

2, and then exposed for 30 min tq, LO~" M, or control solvent.
(A) Nuclear fractions of cells were immunoprecipitated with anti-

Lin et al.
A
Blot: anti-pMAPK
P wt  K128A R132A R133A
52 kDa - - PERK
40kDa - 3T == Rt == (- pERK2
T,— + -+ — + — + — +
B .
Blot: anti-TRpB1
P wt  K128A R132A R133A
B8 kDa -
52kDa - e e el e
T,— + -+ — + — + — +

Ficure 5: CV-1 cells transfected with TR or TR mutants at
residues 128, 132, or 133 (K128A, R132A, R133A) demonstrate
nuclear accumulation of activated MAPK and JRbut nuclear
accumulation of the mutant receptors is impaired or abseng-in T
treated cells. (A) Nuclear accumulation of phosphorylated ERK1/2
was seen in all cells treated with 70M T, for 30 min, regardless

of the presence or absence of TR, or of the structure of TR. (B)
An increase in nuclear TR was clearly seen in response o T
TRu-transfected cells (1.2 0.4-fold, n = 3 experiments), and to

a lesser extent in TR2sa cells (1.6+ 0.2-fold, n = 3), while a
similar increase was not evident in cells transfected with R132A
or R133A mutant probes (1.2 0.01- and 1.2+ 0.1-fold,
respectivelyn = 3).

TRA1, and the precipitated proteins were separated by PAGE andTRA1. The serine 142-substituted mutant receptor proteins

immunoblotted with anti-ERK2. All cells transfected with wt or

serine 142-substituted TR showed co-immunoprecipitation of ERK2

with the receptor in response tq, Treatment (upper panel). As

there was no TR in cells transfected with empty plasmid (P), no

showed no evidence of serine phosphorylation at another site
on the receptor.
Mutations at Residues 128, 132, and 133 ofTRrevent

complexing of receptor and MAPK was seen in those cells. In the Both T;-Induced Docking of MAPK and TR and Serine

second panel, TRL immunoblots of the TR immunoprecipitates

are shown to indicate evidence of receptor protein in each sample.
The presence of PTU, 1 mM, did not alter the results of these

experiments (Figure 3A, lower panel). (B) Similar studies were
carried out using anti-pERK1/2 antibody for immunoblotting to

detect T-induced immunocomplexing of wt and serine 142 TR
mutants with ERK1/2 in cells pretreated with ipodate. Agaip, T

induced co-immunoprecipitation of both wt TR and TR serine 142
mutants with ERK1/2. The jleffect was not altered in the presence
of ipodate, another inhibitor of4fo T3 conversion by 5deiodinase.

transfected with TR, TRs1424 Or TRs14oemutants and treated
with 1007 M T, for 30 min. Nuclear fractions were

Phosphorylation of TRL. To define the docking site of
MAPK on TRA1, we substituted one of each of three basic
amino acids in the TRL DNA-binding domain (DBD) which
contribute to a basic amino acid-enriched site (KGFFRR,
residues 128133) on the receptor. Translocation of activated
ERKZ1/2 to CV-1 cell nuclei after Jtreatment is seen in the
presence of these mutant receptors as well as with wt TR
and in cells without receptor (Figure 5A). An increase in
nuclear TR; is evident in cells treated with 4J but
comparatively little T-induced increase is seen in cells with
mutant receptors at residues 128, 132, or 133 (Figure 5B).

immunoprecipitated with antibody to serine-phosphorylated This finding raised the possibility that reduced nuclear
proteins, and the resulting immunoprecipitates separated andranslocation of these mutant receptors in the presence of

immunoblotted with anti-TR1. In Figure 4 it is evident that
the only CV-1 cells showing serine-phosphorylated TR in
response to Jtreatment were the cells transfected with wt

IP: anti-phosphoserine  Blot: anti-TRB1
P wit S142A S142E

63 kDa -
49 kDa -

T4 (107 M) —

|—TRB1

+ - + - + — +

FiGure 4: T, causes serine phosphorylation of TR at residue 142.

CV-1 cells were transfected as described in Figure8.INuclear
fractions of cells treated with,J 107 M, or control solvent for 30
min were immunoprecipitated with antibody to serine-phosphory-

lated proteins, and the immunoprecipitates examined for the

presence of TR by immunoblot. Cells transfected with wt TR
showed serine phosphorylation of the receptor in response,to T

T, could be due to reduced docking of the receptors with
Ts-activated MAPK.

A Tginduced increase in nuclear JRco-immuno-
precipitated with ERK2 or pERK1/2 is seen in panels A
(upper panel) and B of Figure 6, while in the R132A and
R133A mutant TR-transfected cells, little or no increase in
nuclear TEB1, co-immunoprecipitated with ERK, is seen
after T, treatment. In Figure 6B, the same findings are
evident, even though the order of antibodies for immuno-
precipitation and immunoblotting was reversed. In the
TRki28a cells, there is a small amount of co-immuno-
precipitation of the mutant receptor with ERK proteins in
Figure 6A,B. Nuclear accumulation of serine-phosphorylated
TRAL in cells treated with 7 is apparent only in TR-
transfected cells (Figure 6C). From these studies we conclude

while the serine 142-substituted mutant receptors did not demon- that the basic amino acids lysine and arginine in the sequence

strate serine phosphorylation.

KGFFRR of TR31 must be present in the DNA-binding
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Ficure 6: Mutation of TR at residues 128, 132, or 133 results in

decreased docking of MAPK with TR in response to (R) CV-1 P wt K1284 R132A R133A

cells transfected with wt TR or mutants as in Figure 5 were treated Ficure 7: In vitro phosphorylation studies confirm that activated

- ; ) .
with T4, 1077 M, or solvent, for 30 min. Nuclear fractions were MAPK requires K128, R132, R133, and S142 of AR for

immunoprecipitated with anti-TR, and resulting proteins separated . . o0
: : . - phosphorylation of the receptor. (A) PR immunoprecipitates of
by electrophoresis and immunoblotted with anti-ERK2 c&used CV-1 celis transfected with TR TRewzs and TRise were

a clear increase in nuclear complex formation between wt TR and - ) : :
ERK2, shown in the upper paneIpA similar increase was not evident €XP0sed to commercially available activated MAPK in the presence
' ' of [y-32P]-ATP for 30 min, and the proteins were separated by

the cells wransfected with K126A. there was. minimal nuclear PAGE: Activated MAPK caused in vitro phosphorylation of a TR

complex formation with T treatment. The lower panel shows a MMuUnoprecipitate from TR-transfected CV-1 cells (wt, lane 2)

TRAL immunoblot of an aliquot of each immunoprecipitate to but not of immunoprecipitates from cells transfected with S142A
or S142E mutants (lanes 3 and 4), indicating that serine 142 is the

indicate the amount of immunoprecipitated TR added to each lane. : ’ f
: S : g likely site of phosphorylation by activated MAPK. The lower panel
(B) Cell nuclei from similar cell samples were immunoprecipitated shows a TR1 immunoblot of similar aliquots from each TR

with anti-phosphorylated MAPK, and the immunoprecipitates were L oS : L
: : ; . immunoprecipitate. (B) In an in vitro phosphorylation study similar
separated by gel electrophoresis and immunoblotted with anti-TR. to that shown in panel A above, activated MAPK caused in vitro

With this reversal of antibodies for immunoprecipitation and ; . e

immunoblotting compared to (A), dinduced nuclear complex ~ Phosphorylation of a TR immunoprecipitate (lane 2), but no

formation is again clearly seen only in the cells transfected with phosphorylation of immunoprecipitates of TR mutants at residues
128, 132, or 133, even though serine 142 was present on these

the wt receptor, and minimal complex formation is seen with the R A - ; A
! . - receptors. This finding provides further evidence that an intact basic
K128Amutants. (C) Using a similar set of transfected apdr&ated damino acid sequence at residues 4283 is required for docking

B e st A S i T MAPIC on TR The lower panel ndcates an mmunobiot o
y similar aliquots from each immunoprecipitate.

transfected cells to show serine phosphorylation of TR in response

to T, were those containing the wt receptor, even though the serine 5, [-32P]-ATP. The wt receptor was clearly phosphorylated

atresidue 142 was present in these mutants. in vitro by MAPK (Figure 7A), while neither of the serine

domain for docking of ERK1/2 and TR to take place in 142-substituted receptors were labeled. These findings further

cells treated with T. Furthermore, serine phosphorylation point to serine 142 of TRL as the site of phosphorylation

of TR does not occur in the absence of receptor docking by MAPK (ERK1/2).

with ERK1/2. Immunoprecipitates of nuclear TRand TRzsa, TRri32a
Effect of Actiated MAPK in Vitro on Phosphorylation of — and TRkizzamutants were studied in a similar manner (Figure

TR31 and Associated Mutants in a Cell-Free Systé¥e 7B). None of the mutant proteins were labeled by MAPK in

have previously demonstrated that commercially available vitro, even though serine 142 was present. This finding again

activated MAPK causes phosphorylation of bothfIR2) supports the role of the KGFFRR sequence as a docking

and p53 B) in vitro in a cell-free system. Similar findings site for ERK1/2 on wt TIR1.

have been reported with estrogen receptdERa) in which Effect of T, on Binding of the Co-Actator Protein p300

the serine residue phosphorylated by MAPK has been and the Co-Repressor SMRT by wt and Mutant Receptors.

identified (12). TRA1 immunoprecipitates of CV-1 cells In the presence of 4] the co-activator p300 co-immuno-

transfected with TR, TRs1424 and TR1soeWere incubated  precipitated with wt TR, in contrast to the result obtained in

in an in vitro phosphorylation assay with activated MAPK the absence of J{Figure 8, upper panel). This finding also

[ - w e --l-TR
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Ficure 8: Effect of T, on interactions of p300 and SMRT with
TRy and mutants. The co-immunoprecipitation of wt TR and
mutants with the co-activator p300, or with the co-repressor SMRT,
were studied after treatment with TOM L-T, or solvent for 30
min. TRy, TRki128a, and TRy142ecells showed little p300 bound to
the receptor in the absence of, &nd a marked increase in binding
of p300 to the receptor with,ltreatment. In contrast, the R132A
and R133A mutants did not bind p300 either with or withoyt T
treatment, and the S142A mutant cells bound p300 more in the
absence of Jthan with hormone present. In the center panel are
immunoblots of TR in aliquots of each immunoprecipitate used
for the studies above and below. Shown in the third panel, SMRT
was displaced from wt, K128A, and S142E receptors with T
treatment. The R132A and R133A mutants, however, bound SMRT
in the absence or presence of as did the S142A cells.

occurred with the mutants Tdrsa and TRs142& In contrast,
TRs1424 CO-immunoprecipitated with p300 in the absence of
T4, and T, treatment of cells transfected with $R.aresulted
in shedding of co-activator, rather than further recruitment.
The R132A and R133A mutants did not bind p300 either in
the presence or absence of T

The co-repressor SMRT was bound to.[ R untreated
CV-1 cells, while in T-treated cells SMRT was no longer
bound to the receptor (Figure 8, lower panel). The same
findings were observed in the kRsa and TRy142eMutants.
In the TRriz2a TRR133a and TR1424mutants, however, there
was little loss of SMRT from the receptor in-Treated cells.

Transcriptional Actiation by WT and Mutant TR in
Response to ;I CV-1 cells were transfected with wt and
mutant receptors, then treated with, IO M, for 24 h in
the presence of 1 mM PTU to prevent conversion ptd
Ts. Results of luciferase activity studies, corrected for
transfectional efficiency, are shown in Figure 9. Cells without
TR showed no transcription, while cells with JFshowed
repression of transcription in the absence ofFigure 9A,B).
This latter finding is mediated by the binding of co-repressors

Lin et al.
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FiIGURe 9: Mutations in serine 142 and the proposed MAPK
docking site on TR1 cause changes in luciferase expression in
the absence and presence of TV-1 cells were transfected with
TR or mutant receptors as described in Experimental Procedures
above, and the response of these transfected cellg tedtment
studied in a transcriptional activation assay with measurement of
luciferase activity normalized {6-galactosidase activity in the same
cells. (A) In CV-1 cells with TR, transcriptional repression was
seen in the absence of,Tand a 2-fold increase occurred with, T
1077 M, in 24 h. Similar results were seen with TR.g whereas

with TRs1424 there was increased luciferase activity in the absence
of T, and no further change with Ttreatment. (B) Luciferase
activity levels in TR and TRa42a cells with and without T
treatment showed a pattern similar to those seen in panel A above.
The mutants K128A, R132A, and R133A showed loss of repression
in the absence of ,J/ With T, treatment, K128A cells demonstrated
enhanced luciferase activity, while the other two docking site
mutants showed little increase in luciferase expression.

TRs142eshowed results similar to those with JiRrepression

of transcription in the absence of,Tand stimulation of
transcription with T, (Figure 9A). The patterns of p300 and
SMRT binding to the S142E mutant were also similar to
those seen with the wt receptor. These changes were not

to the receptor in the absence of thyroid hormone, as seentnexpected, since the glutamate substitution was intended

in Figure 8 (3). With T4, 107 M, there was a consistent
loss of repression and a 2-fold increase in luciferase activity
in TRy cells. T;-agarose (10 M) produced the same effect
(results not shown), providing evidence that anediated

to mimic, at least in part, the charge obtained with a
phosphorylated serine at residue 142 in{R

The proposed MAPK docking site mutants, &Ra,
TRR132a and TRkizsa Showed no repression of transcription

effect at the plasma membrane can stimulate transcriptionalby the receptors in the absence af(Figure 9B). With T,

activity by wt TR31. CV-1 cells transfected with TdRs2a
showed enhanced luciferase activity in the absencesof T
(Figure 9A,B) consistent with co-activator binding (Figure
8). With T, treatment there was no significant change in
transcription, perhaps due to persistent binding of the co-
repressor SMRT by TRa2a (Figure 8). In contrast, cells with

treatment of cells, there was more than 2-fold activation of
transcription with the TR2sa mutant (Figure 9B) which was
associated with loss of SMRT and gain of p300 by the
receptor (Figure 8). In contrast, RR2aand TRkizsamutants
showed a minimal increase in transcriptional activity with
T4, associated with minimal binding of p300, and persistent
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Table 1: Summary of Studies in TR wt and Mutant Receptors TP (15). We did not identify in the earlier study the specific

Exposed ta-Thyroxine: Transcriptional Activation and serine phosphorylated by,-Hirected MAPK. However, a
Co-Repressor/Co-Activator Binding PS sequence exists at residues-1442 in human TR1 and
MAPK was postulated by us to be a possible site of MAPK-
transcriptional bindingto Co-R  Co-A dependent serine phosphorylati@). (The PS sequence has
TRBL treatment  activity receptor binding binding been shown to be a MAPK phosphorylation site in the HIV
wit control  repression - + - Vif protein (9) and other nonconsensus motifs have been
Ta activation + - + reported for MAPK substrated g, 19).
TR142A  control  activation — — oo To establish that serine 142 in the TR DBD is a MAPK
Ta no additional + + + . .
activation phosphorylation site, we transfected ZRDNA constructs
TR142E control  repression  — + - containing alanine or glutamate substitutions at residue 142
Ts activation ~ + - + into CV-1 cells and treated the cells with, To activate
TR128A  control  norepression — o MAPK. Neither serine 142 mutant construct was serine-
Ta activation minimal — + h h | d in th s i alth h
TR132A control  no repression — n _ phosphorylated in these cells in response jo althoug
T4 minimal - + - transfected TR1,: was serine-phosphorylated in hormone-
activation treated cells in parallel samples. The possibility existed that
TR133A  control  no repression — - mutation of residue 142 from serine to alanine or glutamate
Ta minimal - + - . . . .
activation might produce changes in the configuration of the receptor

protein that prevented docking of MAPK with TR. However,

. . ) Ts-activated MAPK co-immunoprecipitated with both serine
SMRT binding (Figure 8). A summary of these co-activator 145 mytant receptors as well as with wt receptor in nuclear

and co-repressor binding and transcriptional activation results¢4tions of T-treated cells. Thus, jfreatment of CV-1 cells

is provided in Table 1. _ _ transfected with TRL.. promotes MAPK activation, forma-
We note that 3,5,3triiodo-L-thyronine () is the natural tion of an immunoprecipitable complex of MAPK and AR

ligand for the nuclear thyroid hormone receptor,fl1R14), and serine phosphorylation of PR at residue 142. In

on the basis of the higher affinity of the receptor fartian  geparate in vitro studies carried out in the absencesof T

T4 However, & was not a focus of the current studies, since constitutively activated MAPK phosphorylated BB, ex-

T, has been shown by us to be, on a molar basis, morepressed in CV-1 cells but did not phosphorylate either TR

effective than Fin activating the nongenomic MAPK signal i which a serine 142 mutation had been made.

transduction cascade, and such activation occurs at a physi- \ye have previously reported that in CV-1 cells transfected
ological concentration of aI(3). The luciferase assay was jth a TR31 construct containing the second zinc finger of
tested for its responsiveness tg &nd we found that 10 the glucorticoid receptor (446488) instead of residues 132

M and 107 M T3 produced 2.8- and 4.9-fold increases, 17¢ of TR (TRB1r_16-1) (6), T treatment brought about

respectively, in the luciferase signal (re_sults not sh_own). We neither co-immunoprecipitation of the receptor with MAPK
have observed thatdagarose, 10' M, stimulates luciferase i cell nuclei, nor serine phosphorylation of the recep®r (

activity to the same extent asT, at the same concentration  This finding suggested that a potential docking site for

(results not shown). MAPK on TRA1 might reside in the second zinc finger of
TRA1. We therefore examined complexing of MAPK with
DISCUSSION constructs of TR carrying mutations in the DNA-binding
Activation of the MAPK signal transduction pathway domain, residues 128133 (KGFFRR). This portion of the
results in the nuclear translocation of tyrostthreonine- receptor is basic amino acid-enriched and similar to the D
phosphorylated (activated) MAPK and serine phosphoryla- domain described by Yang et af, @) and Jacobs20). This
tion of a variety of nucleoproteind §, 16). We have shown  sequence in ERK substrates is usually, but not always,
elsewhere that s nongenomically activates the MAPK N-terminal to the site of serine phosphorylati@o).
(ERK1/2) cascade with a maximal effect occurring in 30 min  Our results with mutants of TR with substitutions at
(1—3). These effects of Sfhave been documented in HeLa residues 128, 132, and 133 demonstrate that in the absence
and CV-1 cells, which do not have a functional nuclear TR of any one of these three basic amino acids, there is no co-
(1—3), and in the present study, activation and nuclear immunoprecipitation, or docking, of ERK and BR, and
translocation of ERK1/2 in response tq freatment are  no serine phosphorylation of the receptor in response.to T
shown in CV-1 cells which were transfected with plasmid In addition, none of these three mutants was phosphorylated
but no thyroid hormone receptor. Consequences of MAPK by constitutively activated MAPK in vitroThus, neither
activation by T, are serine phosphorylation of the oncogene activated MAPK in vitro, nor nuclear activated MAPK in
suppressor protein, p53)( STAT proteins {, 5, 17), and Ts-treated cells, formed a complex with TR mutants in which
TRA1 (2), the nuclear receptor farTs (14). This action of there was disruption of the KGFFRR sequence at residues
T, is reproduced by agarose-and is blocked by tetraiodo- 128, 132, or 133.
thyroacetic acid (tetrac) which inhibits; Binding to plasma TRE-luciferase assays of wild type and mutated TRs were
membranes of cell}. used to define the relationships of co-repressors, co-activa-
In an earlier report, we described in vitro phosphorylation tors, and TR to transcriptional activity of the receptor in T
of recombinant TR1 by constitutively activated MAPK,  treated cells. In these studies, Ji®as transcriptionally de-
specifically ERK2 R). TR is therefore a substrate for MAPK  repressed in the TRE-luciferase assay when the receptor was
but lacks the consensus MAPK phosphorylation sequencesubjected to serine phosphorylation by-directed MAPK
(PX1-2[S/T]P) (12), as well as the minimal sequences SP or (Figure 9A,B). This is to be expected from our studies of
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co-repressor shedding in the setting of serine phosphorylationof the mutant receptors were treated with While the TR

of TR (2) and from the present studies of SMRT binding to transcriptional complex is traditionally viewed as an associa-
wt TR (Figure 8). Transfection of the glutamate-substituted tion of receptor, receptor ligand-Ts), co-activators, and
TR mutant (TR1428 also resulted in repressed transcriptional de-acetylaseslé), we have elsewhere suggested that the T
activity and SMRT binding to the receptor in cells without stimulated complex is an enhanceosome that contains
T, treatment. Hormone treatment of cells transfected with activated MAPK and other signal transducing proteidjs (
this mutant caused decreased binding of SMRT and increased The basic amino acid-enriched sequence KGFFRR on

p300 binding and was associated with increased transcrip-TRA1, the likely site of MAPK docking, is not accompanied
tional activity, similar to findings with TR. As indicated  py a nearby C-terminal LXL and a more distant C-terminal
above, the glutamate substitution was expected to simulatenydrophobic FXFP motif. These may be found in ERK
the charge of a phosphorylated serine at residue 142 ja TR sypstrates, but are not requiretll). The basic amino acid

The alanine-substituted mutafs1424 on the other hand,  sequences in activated ERK substrate dimers are thought to
was constitutively active in the transcriptional assay, and pind to acidic amino acid sequences on ERKs, enriched in
there was no further increase in activity with ffeatment aspartic (D) and glutamic (E) acids, called the common
of cells transfected with this mutant. In the absence Hf T docking (CD) domain42, 23). The LXL motif is thought
TRs1424 bound substantial quantities of co-activator (p300) to permit docking of both Jun N-terminal kinase (JNK) and
and some co-repressor (SMRT). Thus, this substitution ERK with substrates( 24). The absence of LXL in TR1
produces a conformational change in the receptor that isinfers additional specificity of this substrate for the action
favorable to co-activator binding. The lack of a serine at of ERK1/2. It has been postulated that FXFP may be a
residue 142 that is subject to phosphorylation also resulteddocking site that interacts with a binding pocket on ERK
in persistent co-repressor binding. The fact that activation, which is different from the active site on ERK associated
rather than repression, was obtained with this interesting TRwith phosphorylation of substrat@().

mutant suggests (S/omtljn?nce_ of tgo-aitlt\;]ator ?olte_culets E)ve; The incorporation of both basic amino acid- and phenyl-
CO-repressors and/or determination of the activation Staté oty 5 yine_anrichment into the MAPK docking site we have

the receptor by t_he ratig of co-repressor and co-activator efined appears to be novel for MAPK substrates, but in
Lnolseﬁpblef astsolcu;ted with the receptor pool, as suggeste(?act is found on other members of the superfamily of nuclear

y Shibata et al. 13). . receptors subject to serine phosphorylation by MAPK. For

Cells transfected with the Tdsa mutant showed no example, in both estrogen receptor§ERw) and EFB, the
repression of transcriptional activity in the absence of T sequencé KAFFKR, similar to KGFFRR in TR, is présent
treatment, al_tho_ugh SMRT binding was e_V|den_t._Th|s SU9” in the DNA-binding'domains (E®, residues 266211 and
gests that binding of SMRT by s Is insufficient to ERB, residues 178175; Gene Bank Accession numbers
induce repression of transcr|p.t|0nal activity by .th.'s mutant, py3372 and Q92731, respectively). These sites are located,
but that bmdmg of SMRT is certamly sufficient and similar to that of TFB1, just C-terminal to the end of the
necessary in the wt andeforms of TR. With Titreatment g 5ine finger, and C-terminal to respective sites of serine
of cells containing TR2sa, luciferase activity increased, phosphorylation on serines 118 of ERL2) and 105 of ER

along with increased p300 binding and decreased SMRT (25). Nuclear hER is subject to serine phosphorylation by
binding. These changes, although similar to those seen W'thMAPK whether the latter is activated by estrogd®)(or
TRut, were associated with minimal, but detectable, hormone- by thy’roid hormoné. Kato has also recently described

induced TR/MAPK docking, and no serine phosphorylation phosphorylation of hER by MAPK (25), and a report of

of the receptor. Tremblay et al. supports these findin@6). Human gluco-
From the above observations, we conclude that phospho-¢,icoiq receptor (GR) and progesterone receptor (PR)
rylation of serine 142 by jdirected MAPK relieves repres- - n4ain similar amino acid sequences in their DNA-binding
sion of transcription that is conferred on jiRy SMRT- domains: KVFFKR at residues 44247 of GR (Gene Bank
binding. That induction of repression may be more complicated Accession number P04150) and KVFFKR at residues588
than simply the binding of co-repressor by the receptor is 593 of PR (Gene Bank Accession number P06401). Tran-
suggested by inability of SMRT to cause repression in scriptional enhancement of GR7) and PR 28) function

TRk128a cells, despite formation of a SMRITR complex. b .

o . y MAPK have been reported. The present studies conducted
Further, vv_hgn the binding of SM.RT by this T_R _construct in TR thus appear to be relevant to other members of the
was insufficient to cause repression of transcription, then ahormone receptor superfamily.

small amount of MAPK binding by the mutated receptor did . .
not result in shedding by the TR of SMRT. This indicates In the present studies, we have employed concentrations
that the binding of SMRT by the K128A mutant does not of T, regarded to b(_a physiologie@). W? @ and'othersZQ)
mimic the association of co-repressor and receptor in the have shown thatg'l'\_/wll also nongenomlcally_ actl\_/ate MAPK, .
TRw—SMRT complex. but at concentrations that exceed physiologic levels. It is

That MAPK-binding by the receptor may be relevant to unlikely that T; contributed to results of experiments

co-activator recruitment is suggested by studies @nvplying Ta which we describe, _sin_ce two pharmacologic
and Tg’RlSSA Thelge mutalmtsugi% not bir)1/d MUAIPK?I’ll-gdBdid inhibitors of B-thyronine monodeiodinases that convejt T

not bind co-activator. Both mutants did bind SMRT and to Ts did not alter the outcome of the studies.
failed to shed the co-repressor when cells containing e'therREFERENCES
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