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Thyroid hormone response elements (T3REs) have 

been identified in a variety of promoters including 
those directing expression of rat GH (rGH), cr-myosin 

heavy chain (rMHC), and malic enzyme (rME). A 

detailed biochemical and genetic analysis of the rGH 

element has shown that it consists of three hexam- 

ers related to the consensus [(A/G)GGT(C/A)A]. We 

have extended this analysis to the rMHC and rME 
elements. Binding of highly purified thyroid hormone 

receptor (T3R) to T3REs was determined using the 

gel shift assay, and thyroid hormone (T3) induction 

was measured in transient transfections. We show 

that the wild type version of each of the three ele- 

ments binds T3R dimers cooperatively. Mutational 

analysis of the rMHC and rME elements identified 

domains important for binding T3R dimers and al- 

lowed a direct determination of the relationship be- 

tween T3R binding and function. In each element 
two hexamers are required for dimer binding, and 

mutations that interfere with dimer formation signif- 

icantly reduce T3 induction. Similar to the rGH ele- 

ment, the rMHC T3RE contains three hexameric do- 

mains arranged as a direct repeat followed by an 

inverted copy, although the third domain is weaker 

than in rGH. All three are required for full function 
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and T3R binding. The rME T3RE is a two-hexamer 

direct repeat TBRE, which also binds T3R monomer 
and dimer. Across a series of mutant elements, there 
was a strong correlation between dimer binding in 

vitro and function in viva for rMHC (r = 0.99, P e 

0.01) and rME (r = 0.67, P < 0.05) T3REs. Our results 
demonstrate a similar pattern of T3R dimer binding 

to a diverse array of hexameric sequences and 
arrangements in three wild type T3REs. Addition of 

nuclear protein enhanced T3R binding but did not 

alter the specificity of binding to wild type or mutant 
elements. Binding of purified T3R to T3REs was 

highly correlated with function, both with and without 
the addition of nuclear protein. T3R dimer formation 

is the common feature which defines the capacity 
of these elements to confer T3 induction. (Molecular 

Endocrinology 6: 502-514, 1992) 

INTRODUCTION 

Thyroid hormone (T3) regulates a wide range of phys- 
iological processes as a consequence, at least in part, 

of the direct effect of the T3 receptor (T3R) on gene 
expression (1). Investigation of promoter elements 

which bind T3R and confer T3 responsiveness to target 
genes has yielded a diverse family of sequences (2). 

502 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/6
/4

/5
0
2
/2

7
1
4
5
3
2
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



T3 Receptor Dimers 503 

These wild type T3 response elements (T3REs) gener- 

ally consist of multiple copies of a hexameric sequence 
related to a consensus (A/G)GGT(C/A)A arranged as 

direct and inverted repeats. A synthetic element con- 

sisting of two hexamers in a palindromic arrangement, 
similar to those described for estrogen, progesterone, 

and glucocorticoids (3) also functions as a T3RE and 

has been called TREpal (4). 

We originally described the rat GH (rGH) T3RE as a 
direct repeat of a hexameric sequence with a 4 base 

pair (bp) gap based on footprint analysis (5). The direct 

repeats were termed the A and B domains (6). Subse- 
quent functional analyses demonstrated that the rGH 

T3RE consists of three domains which match the hex- 

americ consensus, with a palindrome added to the 

direct repeat (7). All three of these hexamers, termed 
the A, B, and C domains, are required for full T3 

response (7). 

The availability of highly purified T3R has allowed 
detailed analyses of T3R binding to the rGH TSRE. T3R 

can bind cooperatively as a dimer to either the direct 

repeats A and B or the palindromic B and C domains 

of the wild type rGH T3RE (8). Increases and decreases 
in binding are highly correlated with T3 response for 

both up and down mutations. Mutations which increase 

T3 induction or conditions of high T3R concentration 

result in binding of T3R to all three hexamers. 
Based on the sequence and arrangements of the rGH 

hexamers, we proposed tentative models for the ar- 

rangements of T3 response elements from a number 
of TS-regulated promoters (2, 7). The ol-myosin heavy 

chain (aMHC) promoter region has been cloned in rat 

(9) and human (lo), and the region which confers T3 

responsiveness has been identified (11, 12). The se- 
quence contains. three hexamers with a similar orien- 

tation to the rGH T3RE (7). Our assignment of the direct 

repeat hexamers of the MHC TBRE was recently con- 
firmed by limited mutational analysis (13) although the 

third inverted domain was not included in that study. A 

strong T3 response element has been identified in the 
rat malic enzyme gene Y-flanking region (14, 15) with 

several hexamers matching those in the rGH T3RE. 

T3REs have been identified in a variety of other genes 
including chicken lysozyme (16) the third intron of rGH 

(17), and the murine leukemia virus long terminal repeat 

(18). These elements all contain hexamers which closely 

match the consensus sequence, but which are variable 
in number and arrangement. 

Analysis of T3REs has been limited by the availability 

of a highly purified, active T3R preparation to allow 

binding analysis independent of accessory proteins. 
The variation in hexamer number, orientation, and spac- 

ing in wild type T3REs has made it difficult to identify a 

unifying property of elements which bind T3R and con- 
fer T3 responsiveness. T3R binding to the rGH T3RE 

demonstrates surprising flexibility in interactions with 

various hexamer arrangements which may generalize 
to other T3REs. In the current study, we have analyzed 

wild type T3REs based on the rGH hexamer domain 

pattern, to determine common features which are re- 

sponsible for conferring T3 responsiveness. Binding of 

highly purified T3R, overexpressed in Escherichia cob, 
to T3REs was determined by gel mobility shift assay, 

and T3 response was measured in transient transfec- 
tions. Our results demonstrate that, despite a diversity 

of T3RE hexameric sequence and arrangement, there 

is a similar pattern of T3R dimer binding. The capacity 
for a T3RE to bind T3R dimers was highly correlated 

with function, whether or not nuclear proteins were 
present, although addition of nuclear protein enhanced 

T3R binding. Two hexamers are required for dimer 
formation, and the capacity to form dimers represents 

the common feature which defines the capacity of these 

elements to confer T3 induction. 

RESULTS 

Rat (rMHC TBRE Contains Three Hexameric Binding 
Domains 

The sequence of elements studied are shown in com- 
parison to the rGH T3RE hexamer pattern in Fig. 1. 

The T3REs contain two or three hexamers arranged as 

a direct repeat with a 4-bp gap, a palindrome with a l- 
or 2-bp gap, or a combination of arrangements. Purified 

T3R, overexpressed in E. co/i, was incubated with the 
wild type rMHC T3RE (-130 to -159; Fig. 2A), and 

binding was analyzed in a gel shift assay. Two specifi- 

cally retarded bands were observed. The faster migrat- 
ing band represents binding of monomer and the more 

slowly migrating upper band represents dimer binding 
(8,19). Mutations were designed based on the similarity 

of the rMHC sequence to those described for the rGH 

T3RE and the domains labeled in a similar fashion. 

A 6 C 
IGH -- 

-190 to -166 AAGGTAASAGGGACGTGACCGC 

A B C 
raMHC __) .---- 

-133 to -157 GAGGTGACAGGAGGACAGCAGCCCT 

A’ A B 
rME -----) 

-207 to -260 AGGACGTTGZGGGGAGGACAGTG 

IGH ruMHC rME 

A AGGTAA A AGGTGA A’ AGGACG 

B AGGGAC B AGGACA A GGGTTA 

c CGGTCA c' AGGGCT B AGGACA 

Consensus T3RE hexamer E GGT i A 

Fig. 1. Sequence of T3REs Studied 
Sequences of T3REs from rGH, raMHC (antisense strand 

shown), and rME promoters. Hexamer assignments are based 
on four of six bases matching the consensus TBRE hexamer 
as shown. 
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\  

Dimer 

Monomer 
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T3 InductIon 

-4 

E .- 

: 

-3 E 

. 2 

-2 

0.0 I I , 1 

w-r G135T Gi45T Cl 55T 

r a MHC -130 to -159 Mutants 

Fig. 2. Binding of T3Ra to rMHC T3RE-Wild Type Element 
and Mutations 

A, T3Ra (44 fmol) overexpressed in E. co/i was incubated 
with 32P-labeled DNA probe (7.5 fmol) containing the wild type 
rMHC T3RE or elements with mutations in the A (G135T), B 
(G145), or C (C155T) domains. The products were analyzed 
on a nondenaturing polyacrylamide gel, dried, and autoradi- 
ographed at -70 C for 6 h. Two specific retarded T3R/DNA 
complexes are shown, designated monomer and dimer (see 
text), along with free oligonucleotide probe. Competition with 
200-fold molar excess of cold T3RE (+; lanes 3, 5, 7, and 9) 
or actin (lane 2) is shown. B, Plot of the total fraction of T3R 
bound as a dimer relative to wild type (A) and T3 induction 
upstream of the TK promoter (A) for the rMHC wild type (WT) 
and specific mutant elements. The linear correlation coefficient 
of T3R bound as a dimer vs. T3 induction was r = 0.99, P < 
0.01. 

Mutating conserved G residues of the putative A, B, or 

C domains (bases -135, -145, and -155) resulted in 

reduced total T3R binding to 37%, 3%, and 37% of 
wild type binding, respectively (Fig. 2A). Dimer forma- 

tion was retained with mutations in the A or C domains 

(G135T or C155T), although the A domain mutation 

formed a weak dimer band seen only at higher T3R 

concentrations or longer gel exposures. These mutant 
sequences retain two functional hexamers in either a 

direct repeat or palindromic arrangement. However, 

dimer formation was not seen with the B domain mutant 

(G145T) which contains two functional half-sites (A and 

C) separated by 12 bp. 

The same rMHC wild type and mutant elements were 
inserted upstream of the herpes simplex thymidine 

kinase (TK) promoter and tested for T3 response in 
transient transfections of JEG cells with a cotransfected 

vector expressing T3Rar. The pUTKAT3 vector alone 

was stimulated 1.6-fold by T3. T3 induction was re- 
duced from 5.0-fold for the wild type element to 1.6-, 

1 .l-, and 2.8-fold for the A, B, and C domain mutants, 

respectively (Fig. 3). Down-mutants resulted in a reduc- 
tion of both basal and T3-induced expression relative 

to the rMHC wild type. Similar results were seen with 

the same oligonucleotides inserted upstream of a trun- 

cated rGH promoter (rGH137) and transfected into 
GH4Cl rat pituitary tumor cells, although the magnitude 

of T3 induction was higher (14.3-fold for the MHC wild 

type, reduced to 3.0-, 1.8-, and 9.4-fold for the A, B, 
and C mutants, respectively). 

The ability of a mutant T3RE to confer T3 respon- 
siveness to a heterologous promoter was closely cor- 

related with the capacity of the TSRE to bind T3Fi 
dimers in the gel retardation assay (Fig. 28). A linear 

plot of T3 induction upstream of the TK promoter VS. 

T3R bound by mutant T3RE relative to the wild type 

showed a significant positive correlation for total T3R 
bound (r = 0.91, P c 0.01) and for T3R bound as a 

dimer (r = 0.99, P < 0.01). Similar correlations with T3 

induction and binding were found with the elements 

upstream of the rGH promoter for total T3R bound (r = 
0.80, P < 0.05) and T3R dimer (r = 0.91, P < 0.01). 

Monomer binding did not correlate with T3 induction. 

Mutation of the centrally placed B domain produced the 
greatest reduction in T3R binding and T3 induction, 

whereas the C domain mutant resulted in the least 

reduction. These results closely parallel findings re- 
ported for the rGH T3RE, although the C domain is a 

weaker hexamer than in rGH (8) and is therefore des- 

ignated as C’ with a broken line arrow (Fig. 2A). 

A series of point mutations were made in the rMHC 
T3RE to confirm the hexamer assignment and to as- 

sess the potential influences of adjacent sequences. 

The T3 induction ratios are shown for the various (YMHC 

elements placed upstream of the TK promoter and, in 

some cases, the rGH137 promoter (Fig. 3). A mutation 
between putative hexameric domains A and B, G142T, 

did not reduce T3 induction. Mutation of the last base 
of the B hexamer (Al49T) reduced T3 induction. Mu- 

tation of a base between the B and C domains, Cl 51 A, 

resulted in a modest decrease in T3 induction only 

when placed upstream of the TK promoter, which was 
further reduced in combination with the B domain mu- 

tant (Al 49T-Cl51 A). Based on the importance of the 

1-bp spacing of the palindrome in the rGH T3RE (8) a 
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TK Promoter rGH Promoter 

L2,cimm 
A B C 

A -- 
x3 ZtJx llcuaio Ir.3-mh 

Wild-Type: rMHC WI 
-130 to -159 CTGGAGGTGACAGGAGGACAGCAGCCCTGA 2.0 (0.2) 9.8 (0.2) 

Mutants: 
5.0 (0.4) 14.3 (2.0) 

G,35T (A M”t)---T ---------- -------------- o,g (o,4) 1.4 (0.6) 1.6 (0.3) 3.0 (0.3) 

~142~ __________ T  ____----- -------- 1.3 (0.2) 6.2 (0.4) 4.6 (0.7) 16.8 (1.6) 

G145-f (B Mut) ____---__--_- T  ------- ------- 1.7 (0.5) 1.9 (0.6) 1.1 (0.1) 1.8 (0.1) 

A,~~T-----------------T---------- ,,, (0.3) 3.2 (0.3) 1.9 (0.6) 2.9 (0.4) 

C,5,A------------------A-------- 2,4 (o,3) 
6.2 (0.3) 2.6 (0.3) 14.8 (2.5) 

Al,$gT, Cl5lA-- _______________ T-A ---- ---- 2.2 (o,4) 
3.7 (0.2) 1.7 (0.3) 2.2 (0.3) 

C,55T (C M”t).-----------------------T---- ,., (o,3) 3.1 (0.4) 2.8 (0.3) 9.4 (1.3) 

Al5lC ._~~~~~~~~~~~~~~~~~ --------- ,.5 (o,,) 
7.1 (0.9) 4.6 (0.6) ______ 

Up-Mutant Series: 
Al52T.--------------------T------- 1,o (o,,) 6.0 (0.3) 5.7 (0.8) ______ 

C,54A.----------------------A----- 1.1 (0.1) 5.7 (0.7) 5.3 (0.6) ______ 

~j52~, C,54~--------------------T-A----- 0.6 (0.1) 10.9 (0.7) 13.1 (2.0) _____. 

Fig. 3. Functional Analysis of rMHC T3RE Mutations 

The mean T3 induction ratios f SE are shown for transient transfections in JEG ceils (with cotransfected T3Ra) and GH4Cl 

ceils. Constructions (see Materials and Methods) are based on elements containing the rMHC wild type sequence rMHC (-130 to 

-159; antisense strand shown) and various mutants placed upstream of the first 137 bp of the rGH promoter or the herpes simplex 

TK promoter. Basal and T9induced CAT/hGH levels (&SE) are shown for elements upstream of the TK promoter. 

base deletion (D151 C) was made reducing the B/C 
spacing to 1 base. There was no effect of the deletion 
on T3 induction. 

Based on the weakness of the C’ domain in T3R 
binding and function, several mutations were designed 
to create a hexamer more closely matching the consen- 
sus sequence (7). T3 induction was increased to 13.1- 
fold for rMHC Al 52T-C154A, converting from a four of 
six to a six of six match for a consensus AGGTCA 
hexamer. A typical up-mutant pattern was seen with a 
reduction of basal expression and slight increase in T3- 
induced expression. Elements containing only one of 
these mutations (Al 52T or Cl 54A), however, were only 
slightly increased over wild type (5.7- and 5.3-fold, 
respectively). A single mutation, therefore, does not 
increase T3 induction as seen with the rGH T3RE C 
domain and confirms that this is a weaker site. 

The Influence of Nuclear Proteins on MHC Binding 

We have previously shown that addition of nuclear 
proteins to purified T3R enhances binding as well as 
promoting higher order complexes (8). We used en- 
hancement by nuclear protein to further investigate the 
role of the rMHC C domain, as well as the importance 
of the B domain in T3 monomer binding. 

Binding of purified T3 receptor to the rMHC wild type 
and mutant elements was measured with and without 
addition of JEG cell nuclear extract (Fig. 4). The JEG 
extract alone produced a band which migrated above 
the T3R dimer band. T3R alone, in a small quantity (20 
fmol), produced only faint bands on an 8-h, exposure 
but they were enhanced by the addition of 1 pg JEG 
nuclear extract. Nuclear protein enhanced both mon- 

omer and dimer binding (Fig. 48) although binding 
enhancement in the wild type was primarily due to 
increased dimer binding and in the mutants due to 
enhanced monomer binding. Despite the enhancement, 
however, the effect of point mutations in each domain 
was essentially the same as that seen with T3R alone. 
The correlation of binding and T3 induction was pre- 
served when nuclear protein was added for T3R dimers 
(r = 0.94, P < 0.01) and total T3R binding (r = 0.87, P 
< 0.05). As seen for T3R alone, nuclear protein-aug- 
mented T3R monomer binding did not correlate with 
T3 induction. A third oligomer band, as seen with the 
rGH element (8) was not seen with rMHC. Even with 
nuclear protein enhancement, however, the C domain 
mutant bound consistently less dimer and monomer 
than wild type, confirming a role in T3R binding. 

The absence of T3R monomer binding as a result of 
a mutation in the centrally placed B domain (Fig. 2A) is 
somewhat surprising given that two intact hexamers 
remain. It is a consistent finding, however, in both the 
rGH and rMHC T3REs. The loss of monomer binding 
is only a relative one since monomers are seen at higher 
T3R concentrations or when enhanced with nuclear 
protein. We investigated features of the T3RE which 
may be responsible for the interaction of T3R mono- 
mers with the B domain. Possible explanations for this 
observation are that the B domain motif has the highest 
affinity for monomers or alternatively that the central 
position within the TBRE favors monomer binding. 
These possibilities were tested by varying domains 
within the rMHC T3RE. Mutations were made in the 
rMHC A and B hexamers to create an element with a 
BAC’ motif arrangement (Fig. 4C). 

T3R monomer and dimer binding to the BAC’ ele- 
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A MHC wt G135T G145T Cl 55T 

C 
Mutated Doman L& +- 

A a c 
-x+ -x-c *I- 

JEGNP I+ ‘.+“- 

TR-++ +++* ++ 

l 

TR Dimer 

TR Monomer 

Free Oligo 

1 2 3 4 5 6 789 

z 
2 

0.6 

m 

it? 
e 0.4 

s .- 
5 

h u 02 

0.0 
MDT M DT M D T  MDT 

rMHC Wl A Mut 0 Mut C Mut 

C rMHC wt 

Mutated Domain &&” .&L”- 
a.4 c 6A c 
+I+-- --CM- 

JEGNP I+ I-+II 

m-++++++++ 

* 

TR Dimer 

TR Monomer 

Free Oligo 

1 2 3 4 5 6 76 9 

Fig. 4. Binding of T3R to rMHC and Mutants With and Without 
Addition of Nuclear Proteins 

ment, with and without JEG nuclear protein, was es- 
sentially unchanged from the rMHC wild type. Mutation 
of the now centrally placed A domain motif bound only 
monomer. Mutation of the outer domain positions, B 
and C’, resulted in a similar level of monomer binding. 
The B domain, therefore, is not the only hexamer which 
can bind a monomer, as binding was detected when 
only an intact A domain was available in the B/C’ 
mutation. The central position is also not the sole 
determinant of monomer binding, as binding was de- 
tected when the central A domain was mutated. The 
combination of the central position and an intact B 
domain motif, therefore, interact to optimize monomer 
binding. Other factors, including DNA bending and con- 
textual sequences, may further influence this phenom- 
enon. 

The Rat Malic Enzyme T3RE Consists of Two 
Hexamers Arranged As A Direct Repeat 

Inspection of the rat malic enzyme (rME) sequence 
reveals several possible hexamers with a four of six 
match to the consensus hexamer. We studied the 
binding of purified T3R to the wild type version of this 
T3RE and,to elements with point mutations affecting 
putative hexamers. Incubation of purified T3R with the 
wild type rME T3RE again resulted in a monomer and 
more slowly migrating dimer band (Fig. 5A), in the 
identical positions as seen with the rGH and rMHC 
T3REs. T3R binding, relative to the wild type, was 
essentially eliminated (2%) by mutation of the putative 
B domain (G267T) and was strongly reduced (11%) by 
the A domain mutation, G277T (Fig. 5A). No dimer 
formation was seen with point mutations in either of 
these hexamers. These mutations are in hexameric 
regions closely matching those reported for the direct 
repeat portion of the rGH T3RE. Mutations in other 
regions, rME G279T and G271T, resulted in some 
decrease (84%) and increase (132%) in binding, re- 
spectively. Mutations affecting a potential upstream 
half-site AGGACG (A’; -287 to -281), G285T, and 
G282T did not significantly alter T3R binding (107% 
and 100% of wild type, respectively) (Fig. 5, B and C). 

The same rME elements examined for T3R binding 
were placed upstream of the heterologous TK promoter 

A, T3Ra (20 fmol) overexpressed in E. Co/i was incubated 
with 32P-labeled DNA probe (7.5 fmol) containing the wild type 
rMHC T3RE and mutants of the A, B, or C’ domains. T3R 
was incubated with (+) or without (-) 1 fig JEG nuclear protein 
extract (JEG NP). The products were analyzed on a nonde- 
naturing polyacrylamide gel, dried, and autoradiographed at 
70 C for 8 h. Lane 1 contains nuclear protein alone. l , JEG- 
specific retarded band. T3R monomer and dimer bands as 
well as free oligonucleotide are labeled. B, Fraction of TBRE 
bound (*SE) is shown for monomer (M), dimer (D), and total 
bound (T) based on quantification of gels (such as that in A) 
by laser densitometry. Cl. T3R alone; q T3R with 1 pg added 
JEG nuclear protein. C, Gel shift assay as described in A, with 
rMHC wild type and mutations in the background of an element 
with the A and B domain motifs inverted (rMHC BAC). 
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B 
A 

ME ------. 2 -L (*1) 287 lo 26o AGGACGTTGGGGTTAGGGGAGGACAGTG 
2*5 282 278 

Dim 

Free Oh 

T3R Dlmer Bound 

rME -287 to -260 Mutants 

Fig. 5. Binding of T3l% to rME T3RE Wild Type Element and Mutations 
A, T3Ra (44 fmol) overexpressed in E. co/i was incubated with 32P-labeled DNA probe (7.5 fmol) containing the wild type rME 

TBRE or with mutations in the A (G277T) or B (G267T) domains. Mutations in flanking areas, G279T and G271T, are also shown. 
The products were analyzed on a nondenaturing polyacrylamide gel, dried, and autoradiographed at -70 C for 15 h. Two specific 
retarded T3R/DNA complexes are shown, designated monomer and dimer (see text), along with free oligonucleotide probe. 
Competition with 1 OO-fold molar excess of cold wild type (wt) rME T3RE (lanes 2, 5, 8, 11, and 14) or mutant (mut) rME T3REs 
(lanes 4, 7, 10, and 13) are shown. B, rME elements with mutations in the upstream sequences (A’) and an A domain up-mutation 
(G278A) were incubated with purified T3Ra and analyzed as described above (A). C, Plot of the total fraction of T3R bound as 
dimer relative to wild type (A) and T3 induction (A) for the rMHC wild type and specific mutants. The linear correlation coefficient 
of T3R bound as dimer vs. T3 induction was r = 0.67, P < 0.05. 
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A' A B 

Wild Type: rME -----w A + 
3.3 LLaT3 

c-28, ,o -260) AGGACGTTGGGGTTAGGGGAGGACAGTG 2.1 (0.2) 24.6 (2.9) 11.7 (0.9) 

Mutants: G26CJ (A’ Mut) --T------------------------- 1.9 (0.1) 11.4 (0.9) 6.0 (0.4) 

G282T -----~---mm----------------- 1.7 (0.2) 13.3 (0.6) 7.8 (1.0) 

T282ins ------~--------------------- 
1.7 (0.2) 15.4 (1.0) 9.2 (1.1) 

G27gT --------T-e.----------------- 2.3 (0.6) 10.5 (3.6) 4.6 (0.4) 

G7.77~ (A ~~~~ ~~~~~~~~ ---T---------------- 
1.6 (0.3) 3.6 (0.7) 2.1 (0.1) 

G271T -----------------T---------- 0.4 (0.1) 3.1 (0.4) 6.4 (0.5) 

G267T (B M"t) --------me----------~------- 1.4 (0.3) 2.1 (0.2) 1.5 (0.3) 

Up-Mutant: ~278~ ---------A------------------ 1.3 (0.2) 25.5 (2.4) 19.6 (3.3) 

Q76A, T274C ---------A---C-------------- 1.1 (0.2) 33.2 (2.6) 30.2 (2.6) 

Fig. 6. Functional Analysis of rME TBRE Mutations 

The mean basal and T3-induced CAT/hGH ratios &SE) as well as T3 induction ratios (&SE) are shown for transient transfections 

in JEG cells with cotransfected T3Fia. Constructions (see Materials and Methods) are based on elements containing the rME wild 

type sequence rME (-287 to -260) and mutants placed upstream of the herpes simplex TK promoter. 

and tested in a transient transfection assay (Fig. 6). T3 
induction was 11.7-fold for the wild type rME element 
and was reduced to 2.1- and 1.5fold with point muta- 
tions in the A (G277T) or B (G267T) domains which 
prevent the binding of T3R dimers. The reduction in T3 
induction ratio was primarily the result of a marked 

reduction in the TS-induced expression. T3 induction 
was reduced 50% to 6.0-fold with mutations in the 
upstream A’ region (G285T), significantly more reduced 
than with mutations in other regions outside the binding 

hexamers. A plot of T3RE binding and T3 induction 
(Fig. 5C) shows a close relationship for down-mutants 
in the A and B domains and a fall in induction with the 
upstream site mutation but no reduction in binding. A 
linear plot of T3 induction ratio vs. T3R bound by mutant 
T3RE relative to the wild type showed a significant 
positive correlation for total T3R bound (r = 0.59, P < 
0.05) and for T3R bound as a dimer (r = 0.67, P c 
0.05), but not for T3R monomers. 

We further examined the A domain GGGTTA, which 
has several possible hexamer assignments based on 
the grouping of 4 G residues. A mutation which created 
a hexamer more closely matching the consensus 
AGGTTA (rME G278A) increased induction to 19.8-fold. 
Binding to this element by T3R was increased for T3R 
dimers (160%) and total T3R (170%) (Fig. 58). An 
element with two mutations creating a perfect consen- 
sus hexamer AGGTCA (G278A, T274C), increased T3 
induction further to 30.2-fold (Fig. 6A) and resulted in a 
reduction in basal and increase in T8induced expres- 
sion. These results suggest that the assignment of this 
hexamer is correct. 

Hexamer Sequence and Arrangement Influences 
T3R Dimer Affinity For Wild Type T3REs 

T3R bound to all elements predominantly as a dimer 
which migrated to the same gel position for each ele- 

ment. The band pattern and position are the same as 
we have breviously reported for the rGH TBRE (8). 

There was some variation in the amount of T3R bound 

among the various elements. The fraction of T3RE 
bound was highest for rMHC (0.39) and rME (0.35) and 

lowest for rGH (0.26). 
Increasing concentrations of T3R were added to a 

constant amount of labeled TBRE to determine the 
relative binding affinity of the three wild type elements 

for T3R (Fig. 7A). The lowest T3R concentration was 

associated with monomer binding, and dimer binding 
was favored at higher T3R concentrations. A plot of 

T3RE bound as dimer as a function of T3R concentra- 
tion (Fig. 7B) produces a sigmoidal curve. The T3R 

concentration at which dimer formation is seen varies 

among the elements. Dimer formation occurs at the 
lowest concentration of added T3R with rME and MHC; 

a higher T3R concentration is required for dimer binding 
to the rGH TSRE. 

Wild Type T3REs Bind T3R Dimers Cooperatively 

Inverse plots of the binding results for rMHC and rME 

were made to determine if binding was cooperative 
(Fig. 8). The points followed an upwardly curved para- 

bola (all r > 0.99), characteristic of positive cooperativ- 
ity. 

Nuclear Protein Enhancement of T3 Receptor 

Binding 

The enhancement of T3R binding by nuclear protein 

was tested in positive, (rME) and negative (human cr- 
subunit) T3 elements. JEG extract enhanced both mon- 

omer and dimer binding to the rME TBRE (Fig. 9A). The 
human a-subunit binds only a T3R monmer (see Ref. 
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Fig. 7. Binding of Increasing Concentrations of T3R to T3REs 
A, Gel retardation assay of increasing concentrations (4- 

200 fmol) of highly purified T3Rol bound to 15 fmorP32-labeled 
rMHC and rME T3REs. B, Plot of the fraction of TBRE bound 
with T3R dimers as a function of increasing T3R concentra- 
tions. Curves are calculated from a series of experiments such 
as those shown in A. The data for rGH are from a previous 
study (8) and are provided for comparison. 

33) which is also enhanced by addition of JEG or COS 
cell nuclear extract. A dimer band or higher order bind- 
ing was not seen with up to 5 pg nuclear protein. 

Titration of T3R and nuclear protein concentrations 
binding to the rMHC element defined the lower limits at 
which enhancement can be seen (Fig. 10). As little as 
2 fmol T3 receptor could be detected when 1 pg nuclear 
protein was added. Enhancement was completely elim- 
inated if the extract was heated for 15 min at 100 C 
before incubation (not shown). Incubations of T3R with 
higher or lower poly deoxyinosine deoxycytosine 
(polydldc) concentrations (including no polydldc) re- 
tained significant binding enhancement as a result of 
the addition of nuclear protein (not shown). 

DISCUSSION 

The functional organization of the rat olMHC T3RE is 
very similar to the three-hexamer structure that we 

have previously described for the rGH T3RE (7). As 
with the rGH T3RE, all three hexamers of the L~MHC 
element must be intact for a full T3 response. In both 
cases, the C domain appears to make the least contri- 
bution toward T3R binding and T3 response in transient 
transfections. Most striking is the importance and re- 
quirement of the central B domain, in both elements, to 
permit T3R dimer formation. This is consistent with its 
central position and suggests a model of binding of 
dimers to either the directly repeated A and B domains 
or the palindromic B and C domains. The functional 
correlates of this arrangement are strong, as virtually 
no T3 induction is observed when this domain is mu- 
tated and formation of dimers prevented. The overall 
T3 induction is stronger for (uMHC compared to the 
rGH T3RE, even with an element containing only the 
aMHC sequence -133 to -157. Based on the binding 
results and comparison of the sequences, we conclude 
that this is because the (YMHC A and B hexamers are 
better matches to the consensus than the rGH se- 
quences (particularly the B domain). The importance of 
these direct repeats is consistent with a recent report 
on the (uMHC element (13) and with our original descrip- 
tion of the importance of direct repeats for T3R binding 
to the rGH element (5). 

Other transcription factors have also been reported 
to recognize DNA sequences apparently consisting of 
three monomer binding sites. These include another 
member of the steroid-thyroid receptor superfamily, 
vitamin D (20, 21) and the heat shock transcription 
factor from Drosophila (22, 23) and yeast (24). By 
analogy with the results presented here for T3 receptor 
and previously described for other members of the 
receptor superfamily, the vitamin D receptor is likely to 
bind to its response element as a dimer. However, the 
heat shock transcription factor interacts with a surpris- 
ing array of DNA sequences as a trimer, perhaps reflect- 
ing flexibility in the ability of individual DNA binding 
domains to interact with monomer binding sites. The 
ability of T3R dimers to bind to hexamers arranged as 
a direct repeat, palindrome, or the inverted repeat ly- 
sozyme T3RE (16; our preliminary data) could also be 
explained by flexibility of DNA binding domains relative 
to a constant ligand/dimerization domain. Alternatively, 
the DNA binding domain could remain fixed relative to 
a ligand/dimerization domain capable of alternative mir- 
ror image or tandem interactions. 

In contrast to the rGH and rcvMHC sites, the wild type 
rME T3RE appears to consist of only a single dimer 
binding site corresponding to two hexamers arranged 
as a direct repeat. Mutations in either the A or B 
domains prevent dimer formation and abolish T3 re- 
sponse. The results of our biochemical and genetic 
analyses of the rME T3RE closely match those of 
Desvergne et a/. (15) although our mutational studies, 
based on a larger series of individual point mutations, 
lead to a different assignment of likely binding se- 
quences. The hexamer assignment defined by the cur- 
rent results is a subset of our prior proposal based on 
an initial definition of the hexamer consensus (6, 7) and 
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A. MHC Wild-TvDe 

0.0 0.1 0.2 0.3 0.4 0.5 

llT3R (i/fmol) 

B. ME Wild-Type 

7----- 

0.04 0.05 

i/T3R (fmol) 

Vol6 No. 4 

Fig. 8. Double-Reciprocal Plots of Saturation Curves 
The data from Fig. 78 for rMHC (A) and rME (B) are graphed as double-reciprocal plots to determine cooperativity. Both lines 

closely fit an upwardly curved parabola (r 2 0.99) characteristic of positive cooperativity. 

A. rME 
A’AB 

--- 

JEGNP I+ 

TR Dimer 

1 2 3 

B. ha subunit 

, JEG ax 

t-P- I+ 
-l-R-++ -++ 

TR Monomer 

1 2 3 4 5 6 

Fig. 9. Enhancement of T3R Binding to A Positive and Negative T3 Element with Addition of Nuclear Protein 
A, Purified T3Ra (20 fmol) and 32P-labeled rME TBRE (15 fmol) were incubated with (lane 3) or without (lane 2) 1 pg JEG nuclear 

protein (JEG NP). Nuclear protein alone is also shown (lane 1). The products were analyzed on a nondenaturing polyacrylamide 
gel, dried, and autoradiographed at -70 C for 6 h. B, As in A with the human a-subunit element and 1 pg either JEG (lanes l-3) 
or COS (lanes 4-6) extract. 

is the same as a recent proposal by Umesono et a/. receptor dimerization which is necessary for full func- 
(13), based on sequence comparison. We assume that tional potency of a positive TRE. As expected, T3 
the functional potency of the rME T3RE is due, in part, response was increased further by mutations that bring 
to the good match of the sequences of each hexamer the A domain even closer to the consensus. In addition, 
to the consensus, which results in relatively high affinity our data and that of Desvergne et al. (15) suggest that 
for receptor. This requirement is essential to permit sequences upstream of the direct repeat motif that 
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JEGNP - 50ng 100ng 11.19 2P9 - w3 - 
TR *- 20 fmol b - 1 2 10 20 

fmol fmol fmol fmol 

* 

TR Dimer m 

Free Oligo 

123 4 5 6 7 8 9 10 

Fig. 10. Titration of T3R and Nuclear Protein Concentration Binding to the rMHC Wild Type TBRE 
The rMHC wild type T3RE was 32P-labeled (15 fmol) and incubated with a fixed amount of T3Ra (20 fmol) and increasing 

concentrations of JEG nuclear protein (O-2 pg; lanes l-5) or a fixed amount of nuclear protein (1 pg) and increasing concentration 
of T3Ra (O-20 fmol; lanes 6-l 0). The products were analyzed on a nondenaturing polyacrylamide gel, dried, and autoradiographed 
at -70 C for 8 h. 

include some matches to the hexamer consensus make 
some contribution to function in vivo. This region may 
augment T3 induction by interaction with T3 receptor 
accessory proteins. 

The common motif of the elements contained in the 
elements described here that are positively regulated 
by T3 is a direct repeat of a conserved sequence with 
a 4-bp gap, as we originally described for rGH (5). It is 
clear from our analysis of the rGH and rMHC sites, 

however, that hexamers outside the direct repeats 
make significant contributions to both receptor binding 
in vitro and biological function in vivo. Further complex- 
ity is suggested by the reduction in T3R binding and 
T3 induction seen with mutations in sequences outside 
the hexamers in all three of these elements. The lyso- 
zyme silencer T3RE appears to consist of two tail-to- 
tail inverted hexamers separated by a 6-bp gap (16). 
Our preliminary binding results with this element sug- 
gest that this arrangement shows very high affinity for 
T3R (data not shown). This is supported by Naar et a/. 
(25) using synthetic T3REs containing two tail-to-tail 
inverted consensus hexamers in the ABCD binding 
assay. However, the relatively modest T3 induction 
observed with the lysozyme element suggests that its 
activity in vivo may reflect more complex interactions 
with proteins in addition to T3R. It is apparent that 
naturally occurring T3 response elements are much 

more complex than the simple model of direct repeats 
with a 4-bp gap that has recently been proposed (13). 

More significant, and functionally applicable to wild 
type T3REs, is the ability of a TRE to bind T3R dimers. 
There is a strong correlation between the capacity of 
wild type and mutant versions of the rGH, rME, and 
rMHC elements to bind T3R dimers and the magnitude 
of their response to T3 in transfections. Addition of 
nuclear protein enhanced binding but did not change 
the specificity of T3R binding for the various elements 
studied or the correlation with induction. 

A number of groups, using various T3R preparations 
and binding assays, have reported an increase in T3R 
binding to T3REs as a result of the addition of nuclear 
protein (26-30). A recent study (31) determined binding 

of in vitro translated T3R to wild type T3REs in the 
ABCD assay. They reported a similar level of nuclear 
protein-enhanced binding to the rME and rMHC ele- 
ments (approximately e-fold) as seen in our assay. Our 
results are also consistent with a recent analysis of 
T3R interaction with nuclear proteins in gel shift assay 
(32). T3R-nuclear protein heterodimers were found to 
be the most stable complex; however, T3R homodi- 
mers were found to predominate in conditions of high 
T3R concentration relative to nuclear protein. Although 
we report on T3R homodimer enhancement, we also 
observed T3R-nuclear protein heterodimer formation in 
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our system on specific T3REs when nuclear proteins 

were in vast excess to T3R (not shown). The relative 
concentrations of nuclear proteins and T3R that most 

closely reproduce the in viva situation are not known. 

However, if accessory proteins bind DNA directly and 
form heterodimers with the T3R, our results suggest 

that the specificity of binding of the heterodimer must 
be very similar to that of a T3R homodimer. We con- 

clude that the capacity for TSR/DNA interactions is the 
predominant determinant of the potency of an individual 

TSRE, although nuclear proteins significantly enhance 

T3R binding and may play a role in dictating specificity 
under certain circumstances. 

Negative regulation by T3 provides a further level of 
complexity, and results with the human glycoprotein 

hormone a-subunit (33) and rGH downstream element 

(34) suggest that such negative elements may consist 

of only a single hexamer. Our previous results (33) as 
well as current data suggest that the human a-subunit 

element binds only a T3R monomer. Negative regula- 
tion by T3, therefore, does not necessarily follow the 

pattern of cooperative T3R dimer formation that we 
have described for positive T3REs. 

We have demonstrated that wild type T3REs, with a 
variety of sequences and arrangements of receptor 

binding hexamers, have the capacity to bind T3R as a 

dimer. Mutational analysis indicates that T3R dimer 
formation is required for induction by T3. The strong 

correlation of binding of purified T3R with function, 
whether or not nuclear proteins are present, makes it 

less likely that accessory factors play a dominant role 
in directing the specificity of T3R-DNA interactions, 

although they significantly enhance binding. Given the 

apparent complexity of the interactions of T3R with 
positive and negative response elements, it seems pre- 

mature to codify rules for their identification and inter- 
pretation. 

MATERIALS AND METHODS 

Purified Receptor 

Chicken T3Ra was overexpressed in E. co/i strain BL21 DE3 
pLYSs using T7 phage polymerase which was inducible by 
isopropyl-b-o-thiogalactosidase (19). After 1 h induction cells 
were harvested and lysed by freeze-thawing in GTME-400 
(15% glycerol, 25 mM Tris, pH 7.8, 0.05% Triton X-100, 590 
FM EDTA, 10 mM a-mercaptoethanol, 1 mM phenvlmethvlsul- 
fonyl fluoride, and 400 rnh KCI). Crude lysates were centri- 
fuged (10 min, 16,000 x o) and the suoernatant analvzed for 
TSR content and quantification by [‘zSl]T3 binding and T3R 
immunoprecipitation as described (19). The crude lysate was 

purified by diethylaminoethyCSephadex chromatography, am- 
monium sulfate precipitation, heparin-agarose chromatogra- 
phy, and size exclusion chromatography (Superose 12, Phar- 
macia, Piscataway, NJ). Purification to apparent homogeneity 
was confirmed by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and silver staining of an overloaded gel, which 
demonstrated the appropriate sized receptor (46 kilodaltons) 
and the absence of degradation products (data not shown). 
Receptor was dispensed into aliquots and stored at -80 C 
before dilution in GTME-400 for use in gel shift assays. 

Nuclear Protein Preparation 

JEG and COS cell nuclear extracts were prepared as previ- 
ously described (8). Protein concentration was measured using 
the Bio-Rad protein assay method (Bio-Rad Laboratories, 
Richmond, CA), and aliquots were stored at -70 C. 

Binding Reactions and Mobility Shift DNA Assay 

Gel shift experiments were oerformed in two conditions mod- 

ified from methods described by several groups (19, 26, 35- 
37). Oliaonucleotides containino T3REs and a series of T3RE 
mutants were radiolabeled witi [3’P]deoxythymidine triphos- 
phate (New England Nuclear, Boston, MA) by fill in reactions 
using Klenow large fragment DNA polymerase (38) and purified 
by nondenaturino polvacrvlamide ael electroohoresis. Labeled 
probe, 15-25,069 cpm (4.5-75‘imol), was incubated with 
ourified T3Ra (4-225 fmol) in a 30-UI reaction containing 100 
ng polydldc, 88 mM KCI, lb% glycerol, 25 mM Tris-Cl, 560 PM 

EDTA, 0.05% Triton X-l 00, 10 mM P-mercaptoethanol, and 5 
pg BSA. These reactions were incubated for 30 min at room 
temperature and assayed on a 5% nondenaturing polyacryl- 
amide gel in low ionic strength mobility shift buffer (10 mM 

Tris-Cl, 7.5 mM glacial acetic acid, and 40 KM EDTA, pH 7.8) 
and electrophoresed in identical buffer with constant circula- 
tion, 500 V at 4 C after 30 min prerunning under the same 
conditions. Competition experiment incubations included 100 
ng (1 pmol) unlabeled competitor DNA fragment. Gels were 
dried under vacuum and autoradiographed at -70 C for 6-l 5 
h. 

Quantitative Analysis of Receptor Binding 

Quantification of autoradiographs by laser densitometry was 
performed on a Molecular Dynamics Model 300 Series Com- 
puting Densitometer (Molecular Dynamics, Sunnyvale, CA) 
using Molecular Dynamics ImageQuant software. The density 
of the retarded (one or more) and free bands was determined 
at each receptor concentration. The fraction of TBRE bound 
by receptor in a specific band was calculated by dividing the 
density of the band by the total density (sum of the densities 
of retarded and free bands) at a given receptor concentration. 
Results are presented as the fraction of TBRE bound with T3R 
dimer vs. T3 receptor concentration. Densitometry was per- 
formed on shorter exposures than those shown in the figures 
(5-7 h) in order to determine band density in a linear range of 
film exposure. The studies presented are representative of at 
least two separate experiments. Double reciprocal plots of l/ 
fraction TBRE bound with T3R dimer vs. l/T3R concentration 
were made for the T3REs to assess cooperativity. 

The fraction of TBRE bound with T3R dimers and total T3R 
bound, relative to the wild type element, were determined in 
at least two experiments and plotted as a function of T3 
induction ratio from transient transfection studies. The best fit 
lines were calculated (Cricket Graph V1.3, Cricket Software, 
Malvern, PA) for these plots. 

Plasmid Constructs and Oligonucleotides 

Standard methods for vector construction were used (38). 
Double-stranded oligonucleotides were synthesized which 
contain T3 response elements and mutations. These were 
ligated into the BamHl site upstream of rGH137 as described 
oreviouslv (6) or PUTKATB (391. The rolMHC promoter se- 
quence (-159 to -130; rMHC) has the basis of subsequent 
mutations, and oligonucleotide sequences were named based 

on the location of the mutated base (wild type base on the 
left, mutated base on the right). rMHC mutations included 
G135T, G142T, G145T, A149T, C151A, A149T/C151A, 
C155T, base deletion (Al51C), A152T, C154A, and A152T/ 
Cl 54A. The rMHC (-159 to -130) sequence was mutated to 
convert the A domain to a B domain motif and the B domain 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/6
/4

/5
0
2
/2

7
1
4
5
3
2
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



T3 Receptor Dimers 513 

to an A domain motif (T137A, G138C, A147T, and C148G) 
and was called rMHC BAC. Mutations in the BAC background 
included mutation of the outer hexamers (G135T, G136T, 
C155A, and C156A) or the central hexamer (G145T and 
G146T). The rME promoter sequence (-287 to -260) was the 
basis of subsequent mutations described as above, G285T, 
G282T, insertion of a T (T282ins) G279T, G277T, G271T, 

G267T, and G278A. The oligo, rGHwt, contains the wild type 
rGH TBRE (-191 to -162; previously rGH34; Ref. 7). All 

olioonucleotides were inserted in the forward orientation. The 
nonspecific competitor sequence actin contains sequences 
(+2077 to +2146) from the third exon of the chicken actin 
gene. All constructs were sequenced using the dideoxynucleo- 
tide method with irreversibly denatured plasmid DNA as tem- 
plate (40). 

Transfections 

Transfections were carried out as previously described (6) with 
CaP04 precipitation in GH4Cl rat pituitary tumor cells and 
JEG cells for constructs containing the rGH and TK promoter, 
respectively. The transfections were done in pairs, and each 
plate contained 15 pg chloramphenicol acetyltransferase 
(CAT)-expressing plasmid and 5 pg pXGH5 (41) which con- 
stitutively expresses hGH, as a control in the GH4Cl cells, or 
10 pg CAT-expressing plasmid and 3 pg pTKGH in the JEG 
cells. JEG cells included cotransfection of 1 pg pCDMl3 (which 
expresses mouse TSRcu; Ref. 42) as previously described (6). 
CAT activity was determined by a modification of a phase 
extraction procedure (43). Results are the mean CAT/hGH 
levels of TB-treated to untreated paired plates, each performed 
in duplicates of at least two separate transfections which were 
in close agreement. 
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