
stantial17- decrease. HeLa cultures were met- 
aholically labeled 111 the absence or pres- 
ence of DEX for several hours. T h e  labelily 
medium was then replaced \ v ~ t h  chase me- 
Liiuill containing DEX and TNF-a.  Cultures 
Ivere harvested and extracts were immuno- 
precipitated with the  p65-specific antibody. 
U ~ l c k r  these conditions, the  I K B ~  signal 
rapici17- disappeared (Fig. 4B). Thus, DEX 
cioes not appear to alter the  signal transduc- 
tlon pathway leading to the inciuced disscl- 
ciatlon of NF-KB and I K B ~ .  

Together, these data Indicate that DEX 
treatment i n d ~ ~ c e s  the t r a~~sc r ip t io~ l  of the 
I K B ~  gene. This i ~ l d u c t ~ o n  results In the  
l~lcreased svnthes~s of I K B ~  protein. This 
increase in protein synthesis leads to the  
rapid turnover of I K B ~  protein associatcii 
with preexisting NF-KB complexes. 111 the  
presence of a n  activator s ~ c h  as TNF-a4 
ne\vl)- released NF-KB reassociates with the  
DEX-ind~~ced I K B ~  and thus r e~ i~ lces  the  
ainount of NF-KB translocating to the  nu- 
cleus. Additionally, ne\d7- synthesizecd I K B ~  
may enter the  nucleus and 111hihlt NF-KB 
D N A  binding (15) .  A illotlel of this process 
ia s h o u ~ n  in Fig. 5. Consistent with this 
model, we show that the GC-mediated 111- 

h ~ b i t i o n  of NF-KB induction by means of 
T N F - a  is blocked by CHX (Fig. 1) .  Previ- 
ous17- \ye allti others sho\veci that activated 
G R  could pl~ysically associate with NF-KB 
s~ lb~ ln i t s  and that DEX represses the  D N A  
hillding activity of nuclear NF-KB (5, 6) .  
Here \ye demonstrate a seconii i~ ldepe~ lden t  
mechanism thro~lgh which the  NF-KB and 
GC signal transchlction systems interact. As 
NF-KB is a critical regulator of cytokine 
genes, the  inhihition of the  activity of this 
transcription factor \vould effectively block 
cytokine secretion, thus explaining a n  iin- 
m ~ ~ n o s ~ ~ p p r e s s i v e  f ~ ~ ~ l c t i o ~ l  of GCs.  It has 
also heen reported recently that salicl-lates, 
at concentratio~ls corres~?ondi~lg to doses 
prcscribeJ for arthritis patients, also block 
NF-KB activity (16).  Thus, NF-KB activa- 
tion ser\.es as a target for two distinct im- 
m~~nosupprcssive thesap~es. T h e  presence of 
multiple levels of l~l teract io~l  between the 
NF-KB and GC systems suggests that these 
lnteractlons may have evolved to serve a 
physiological role in the development of 
the  immune sl-stem allti in modulation of 
the immune response. 
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l mmunosuppression by Glucocorticoids: 
Inhibition of NF-KB Activity Through 

Induction of IKB Synthesis 
Nathalie Auphan,*"roseph A. DiDonato,? Caridad Rosette, 

Arno Helmberg,$ Michael Karin5 

Glucocorticoids are among the most potent anti-inflammatory and immunosuppressive 
agents. They inhibit synthesis of almost all known cytokines and of several cell surface 
molecules required for immune function, but the mechanism underlying this activity has 
been unclear. Here it is shown that glucocorticoids are potent inhibitors of nuclear factor 
kappa B (NF-KB) activation in mice and cultured cells. This inhibition is mediated by 
induction of the I K B ~  inhibitory protein, which traps activated NF-KB in inactive cyto- 
plasmic complexes. Because NF-KB activates many immunoregulatory genes in response 
to pro-inflammatory stimuli, the inhibition of its activity can be a major component of the 
anti-inflammatory activity of glucocorticoids. 

Glucocorticoids (GCS) are physiological anti-inf~arnrnator7- agents ( I ) .  In tcrfere~~cc 
i~lhibitors of inflarnmator7- responses and with G C  action or s7-nthesis i~lcreases ani- 
are wldelj- used as i m r n ~ ~ n o s u ~ ? ~ > r e s s i x  and mal mortalitj- after challenge with bacterial 
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Sciences. Center for Molecular Genetcs School of Med- 
icine University of Callfornla San Diego. La Jola CA 
92093-0636 USA. 

superantigens (2) .  GCs  i~lduce 1)-mphoc7-te 
apoptosis (1 ,  3) and inhihit synthesis of 
lymphokines (4)  and cell surface molecules 
reiluired for immune f~ l~ lc t ions  15). In  snite 
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~, 

of the widespread use of GCs,  the molcc~~la r  
mechanisms that underlie their therapeutic 
effects are poorly understood ( 1  ). G C s  in- 
duce target genes through the  gl~~cocor t i -  
coid receptor ( G R ) ,  a ligand-activated tran- 
scription factor (6) .  G C s  repress gene ex- 
p r e s s ~ ~ x - ~ t l ~ ~ ~ ~ ~ g l ~  transcriptional interfer- 
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Fig. 1. Inhibition of lL-2 promoter activa
tion by DEX correlates with decreased 
DNA binding of both AP-1 and NF-KB. (A) 
FJ8.1 cells (76) were seeded into microtiter 
plates (2 x 104 cells per well) and incubat
ed for 24 hours with either medium aione 
(UN) or with 4 JJLM ionomycin (I) and TPA (T) 
(100 ng/ml) in the absence or presence of 
1 JIM DEX (D). Culture supernatants were 
harvested, and their IL-2 content was 
measured through its mitogenic effect on 
the T cell line HT-2 (16). The results shown are averages of triplicates. (B) FJ8.1 cells were electroporated with the 
IL-2-LUC plasmid {17, 18). After 12 hours, cells were treated as indicated above, and luciferase activity was 
determined 7 hours later. The results shown are averages of three separate experiments and are presented as 
fold of induction above basal IL-2-LUC expression. (CJ FJ8.1 cells were treated as indicated, and after 1 hour 
nuclear extracts were prepared. Five micrograms of each extract were incubated with 20,000 cpm of 32P-labeled 
KB, Oct-1, or AP-1 (TRE) binding site probes, and DNA binding activity was measured by EMSAs. The increase 
in AP-1 binding activity in response to DEX was not reproducibly seen and was probably the result of loading 
more protein in that lane. (D) Inhibition of NF-KB induction in T lymphocytes in vivo. BIO.BR mice (10 weeks old) 
were injected with (i) phosphate-buffered saline (PBS), (ii) 100 jig of CD3 monoclonal antibody (145.2c. 11) in 
PBS, (iii) DEX-acetate (1 mg per kilogram of body weight) together with 100 p-g of anti-CD3 in PBS, or (iv) 
DEX-acetate (1 mg/kg). tn the experiment shown here, DEX (D) was administered 2 hours before anti-CD3. Two 
hours after anti-CD3 injection, thymuses and lymph nodes were isolated, and their cells were retrieved by being 
squeezed through a nylon mesh. After being washed in PBS, whole-cell extracts were prepared {36). Fifteen-
microgram samples were incubated with the KB probe, and NF-KB binding activity was analyzed as described 
above. 
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ence between the activated GR and other 
transcription factors, most notably AP-1, by 
a mechanism likely to involve protein-pro
tein interactions (7, 8). Although AP-1 is 
involved in lymphokine gene induction (9), 
interference with AP-1 activity cannot ac
count for the full spectrum of immunoregu-
latory genes affected by GCs. Another tran
scription factor that activates immunoregu-
latory genes is NF-KB, whose predominant 
form is a heterodimer composed of p50 and 
p65 subunits (10). In unstimulated cells, the 
NF-KB heterodimer is kept as an inactive 
cytoplasmic complex by inhibitory proteins, 
such as IKBCX and IKB(3 (11). After cell stim
ulation, the IKBS are rapidly degraded (12, 
13) and free N F - K B dimers translocate to the 
nucleus and activate target genes (10> 14). 
This process is transient and is terminated 
through delayed NF-KB-mediated IKBCX in
duction (12> 14). Because of its role in the 
activation of lymphokine genes and other 
immunoregulatory genes, we examined 
whether N F - K B activity is inhibited by GCs. 
Here we show that GCs are potent inhibitors 
of NF-KB activation. This inhibition is the 
result of induction of IKBCX expression, fol
lowed by sequestration of N F - K B dimers in 
the cytoplasm. 

The interleukin-2 (IL-2) promoter con
tains cis elements required for maximal in
duction during T cell activation, which are 
recognized by AP-1, N F - K B , NF of activat
ed T cells, and octamer-binding proteins 
(OBP) (9, 15). We investigated which of 
these factors mediate the inhibitory effect 
of the synthetic GC dexamethasone (DEX) 
on IL-2 production by a murine T cell 
hybridoma (16). As shown previously (17, 
18), DEX inhibited induction of IL-2 secre

tion (Fig. 1A) and transcription, as mea
sured by an IL-2-luciferase reporter plasmid 
(19) (Fig. IB). Electrophoretic mobility-
shift assays (EMSAs) (20) revealed that 
both AP-1 and N F - K B DNA binding activ
ities were elevated in nuclear extracts of 
activated cells (Fig. 1C). DEX inhibited 
induction of N F - K B binding activity and 

reduced the amount of AP-1 binding activ
ity, whereas OBP binding activity was un
affected. DEX also inhibited induction of 
N F - K B in mouse T lymphocytes in vivo 
(Fig. ID). Administered either 2 hours be
fore or simultaneously with anti-CD3, a 
potent T cell-activating monoclonal anti
body (21), DEX inhibited induction of NF-
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Fig. 2. Inhibition of NF-
KB activation requires in
duction of a short-lived 
inhibitory protein. (A) A 
GR~ subclone of Jurkat 
cells (parental) or Jurkat 
cells stably transfected 
with an expression vec
tor encoding rat GR and 
expressing 20,000 re
ceptors per cell (+GR) 
were incubated with TPA 
(T)(100 ng/ml), DEX (D) 
(1 (xM), a combination of 
TPA plus DEX, or no fur
ther addition (UN). After 
1 hour, nuclear extracts 
were prepared and 5-|±g 
samples were examined 
for NF-KB binding activity as described above. The arrowhead indicates the N F - K B - D N A complex. (B) 
GR+ Jurkat cells were treated with TPA (T), TPA plus DEX, or DEX (D) for the indicated times. Untreated 
(UN) and DEX-treated cells were harvested after 60 min. When indicated, cells were pretreated with CHX 
(10 |xg/ml) for 30 min and then incubated with TPA, TPA plus DEX, or DEX in the presence of CHX. NF-KB 
DNA binding activity in nuclear extracts was assayed as described above. (C) GR+ Jurkat cells were 
either untreated (UN) or incubated in the presence of TPA (T) or TPA plus DEX (D) as described above. 
After 60 min, nuclear and cytoplasmic extracts were prepared. Samples of nuclear (Nuc.) (5 |±g) and 
cytosolic (Cyt.) (10 |±g) extracts were treated with 0.8% Na-deoxycholate (DOC) and 1.2% NP-40 and 
analyzed for NF-KB binding activity by EMSA. (D) GR+ Jurkat cells were incubated in medium alone (lane 
1), in medium plus TPA (T) (lane 2), or in TPA plus DEX (D) (lanes 3 to 7) for 90 min. After two washes, cells 
treated with TPA plus DEX were divided into aliquots and incubated for the indicated times with either TPA 
(lanes 4 to 7) or TPA plus DEX (lane 3) for 120 min. In lanes 1 and 2, cells were maintained under the same 
conditions (lane 1, medium; lane 2, TPA) for another 120 min. Nuclear extracts were prepared and 
analyzed for NF-KB binding activity. 
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KB activity in both thymocytes and lymph 
nodes. In the latter, DEX also inhibited 
basal NF-KB binding activity. In addition, 
DEX inhibited induction of NF-KB activity 
in splenocytes of mice injected with lipo- 
polysaccharide (22). Inhibition of NF-KB 
activation by DEX, with a median inhibi- 
tory dose (IC5,) of 5 nM (22), was also 
observed in a Jurkat human T cell leukemia 
line stably transfected with a GR expression 
vector (Fig. 2A). No inhibition was ob- 
served in the parental GR Jurkat subclone. 
Therefore, the inhibitory effect of DEX is 
mediated through the GR. Inhibition of 
NF-KB activity was also observed in cells 
stimulated by either 12-0-tetradecanoyl- 
phorbol 13-acetate (TPA) alone or by tu- 
mor necrosis factor (TNF-a) (23). The NF- 
KB binding activity inhibited by DEX was 
composed mostly of the p50 and p65 
(RelA) subunits (23). 

Inhibition of NF-KB activity required 45 
to 60 rnin of DEX treatment (Fig. 2B). 
Because initial induction of NF-KB binding 
activity was unaffected, DEX is unlikely to 
interfere with the signaling cascade that 
leads to NF-KB activation. Inhibition of 
NF-KB activity required new protein syn- 
thesis; it was prevented by cycloheximide 
(CHX) (Fig. 2B). The inactive, cytoplasmic 
NF-KB-IKB complex dissociates after de- 
oxycholate (DOC) treatment (24). DOC 
treatment of cytoplasmic extracts of DEX- 
treated cells revealed the same amount of 
NF-KB binding activity as in untreated cells 
(Fig. 2C). Thus, inhibition of NF-KB bind- 
ing activity is not caused by degradation or 
covalent modification of any of its constit- 
uents. Upon DEX removal, but in the con- 
tinued presence of TPA, NF-KB binding 
activity reappeared after 30 rnin and peaked 
at 60 rnin (Fig. 2D). However, if DEX was 
left on the cells for 5 hours, NF-KB activity 
remained repressed. These results suggest 
that inhibition of NF-KB is mediated by a 
short-lived DEX-induced protein. 

A possible mediator of the inhibitory 
action of DEX is I K B ~ ,  encoded by the 
MAD3 gene (25), as it is a short-lived 
protein whose degradation is further en- 
hanced by various NF-KB inducers (12, 13). 
These inducers also cause IkBa resynthesis 
by stimulating MAD-3 transcription, a feed- 
back response that terminates NF-KB acti- 
vation (12). The effect of DEX on I K B ~  
metabolism was examined by immunoblot- 
ting with an antibody to I K B ~ .  Treatment 
with TPA led to the partial disappearance 
of I K B ~ ,  which reached 20% of its basal 
level after 30 rnin (Fig. 3A). At 10 and 20 
min, DEX had an insignificant effect on the 
amount of I K B ~  in TPA-treated cells, but 
after 30 rnin the amount of I K B ~  in cells 
treated with TPA plus DEX was similar to 
that in unstimulated cells, and after 45 rnin 
it was 50% higher than in unstimulated 
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cells. The kinetics of DEX-induced I K B ~  
accumulation paralleled the kinetics of NF- 
KB inhibition. Sensitivity to CHX indicat- 
ed that increased I K B ~  abundance in cells 
treated with TPA plus DEX required new 
protein synthesis, whereas the TPA-stimu- 
lated degradation of I K B ~  did not. None of 
the treatments affected p65 abundance. 
Similar results were obtained in vivo: Injec- 
tion of mice with anti-CD3 caused degra- 
dation of thymic I K B ~ ,  but simultaneous 
administration of DEX resulted in I K B ~  
levels similar to those in untreated animals 
(Fig. 3B). Examination of GR+ Jurkat cells 
(26) or HeLa cells stained with an antibody 
to p65 by indirect immunofluorescence in- 
dicated that p65 was cytoplasmic in un- 
stimulated cells, but after 10 rnin of TNF-a 
stimulation, most of it was nuclear (Fig. 

3C). Treatment of TNF-a-stimulated cells 
with DEX resulted in retention of p65 in 
the cytoplasm. Staining with antibody to 
GR indicated that DEX induced nuclear 
translocation of GR, regardless of whether 
the cells were stimulated with TNF-a or 
not. Recently a second form of IKB, IKBP, 
was molecularly cloned (27). Immunoblot 
analysis of HeLa cell extracts with antibod- 
ies to I K B ~  did not reveal any effect of DEX 
on I K B ~  expression (28). 

Because DEX did not prevent I K B ~  deg- 
radation at early time points, the increase in 
I K B ~  abundance in DEX-treated cells is 
probably the result of increased I K B ~  syn- 
thesis. Northern (RNA) blot analysis veri- 
fied this assumption and indicated that DEX 
treatment of GR+ Jurkat cells, but not the 
GR- parental cell line, led to sevenfold in- 

*CHX 
30 mind5 rnin m min I 30 min 60 min * --- 

6 Anti- 
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nnnn 

MAOJ-D ,'ms 

Fig. 3. DEX treatmeii Increases the abundance of 
l ~ B a  (MAD-3) and traps p65 in the cytoplasm. (A) 
GR' Jurkat cells (5 x 10" per lane) were treated as 
indicated for different lengths of time (in minutes). 
Cells were lysed and 40 kg of each lysate was sep- 
arated by SDS-polyacrylamide gel electrophoresis 
(PAGE), transferred to a polyvinylidene difluoride 
membrane (Millipore), and immunoblotted with either 
anti-I~Ba or anti-p65 and donkey anti-rabbit immu- 
noglobulin conjugated to perox~dase as descr~bed 
(20). The migration positions of both MAD-3 ( IKB~)  
and p65 are indicated. UN, untreated; T, TPA; D. 
DM;  NS, a nonspecific cross-reacting protein. The 
levels of 1~Ba were quantitated with the use of a 
chemoluminescence-sensitive screen and a Phos- 
pholmager and normalized to the level of the non- 
specific protein. (€3) BIO.BR mice were ~njected with 

TNFa 

TNFa 
+ 
D 

PBS, anti-CD3, D M  (D), or antiLCD3 plus DM,  as 
described in the legend to Fig. 1 D. After 2 hours, the thymuses were isolated and whole-cell extracts were 
prepared. Fifty micrograms of each extract were separated by SDS-PAGE, transferred to lmmbilon P mem- 
brane, and probed w~th antibodies to l ~ B a  and p65. (C) HeLa cells were plated on glass cover slips and were 
left untreated (UN) or were treated with D l 3  (D) for 30 mln, TNF-a for 10 mln, or D M  for 30 mln and then TNF-u 
for 10 mln. After treatment, the cells were fixed and the intracellular locat~ons of p65 and GR were determined 
by indirect immunofluorescence with the use of antiLp65 (Pharmingen, La Jolla, Califomla] and anti-GR. as 
described (37). Shown are typical fields of stained HeLa cells showing the exclus~ve cytoplasmic location 
of p65 in untreated, DEX-treated, or TNF-a-plus-DEX-treated cells and its nuclear translocation In 
TNF-a-treated cells. 
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duction of MAD-3 (IKBa) mRNA (Fig. 4A). 
Stimulation of either GRf or GR- cells with 
TPA resulted in sixfold induction of MAD-3 
mRNA after 1 hour. Treatment with both 
TPA and DEX resulted in a synergistic in- 
duction (23-fold), but only in the GRf sub- 
clone. None of the treatments had a substan- 
tial effect on expression of p65 (RelA) 
mRNA. Induction of I K B ~  expression by 
both TPA and DEX is most likely the result 
of increased transcription because it was in- 
hibited by actinomycin D (Fig. 4B). In an 
accompanying report (29), Scheinman et al., 
who obtained similar results, demonstrate 
that DEX increases the transcription rate of 
the MAD3 gene. Actinomycin D also pre- 
vented DEX-induced inhibition of NF-KB 
binding activity (Fig. 4C). 

Collectively, these results define a sim- 
ple mechanism through which GCs repress 
NF-KB activity. Unlike previously described 
transcriptional interference (8) ,  inhibition 
of NF-KB activity does not rely on direct 
interaction between the activated GR and 
any NF-KB constituent. Rather, the inhibi- 
tion is based on induction of I K B ~  expres- 
sion. Induction of MAD-3 mRNA results in 
faster reappearance of I K B ~  in activated 
cells treated with DEX than in activated 
cells not exposed to DEX. Reappearance of 

I K B ~  correlates with termination of NF-KB 
activation. Even a modest increase in the 
amount of IKBa, not greatly exceeding its 
basal level in unstimulated cells. is suffi- 
cient to cause redistribution of active p65 
from the nucleus to the cytoplasm, where it 
is sequestered as an inactive complex. 

It was previously suggested that inhibi- 
tion of NF-KB activation bv DEX is medi- 
ated by physical interactions between the 
activated GR and the p65 component of 
NF-KB (30). However, those results were 
obtained by transient cotransfection exper- 
iments, and although it is feasible that once 
overexpressed the GR and p65 can directly 
interact. this mechanism is not necessarv to 
explain the results described above that 
were obtained under physiological condi- 
tions. Furthermore, DEX treatment causes 
translocation of ~ 6 5  from the nuclei of 
stimulated cells to the cytoplasm, whereas 
the activated GR remains nuclear. It is 
therefore unlikely that direct binding of GR 
to p65 mediates cytoplasmic sequestration 
of ~ 6 5 .  Because DEX induces MAD-3 ex- 
pression in nonactivated T cells, the induc- 
tion response itself does not appear to rely 
on direct interaction between the activated 
GR and NF-KB. As is consistent with other 
work (31 ), the simplest explanation of the 

30 60 90 30 45 60 75 90 60 

Fig. 4. DW induces expression of the gene encoding 
l ~ B a  (MAD-31, which is required for inhibition of NF-KB 

A a D -  - + + +  + activation. (A) GR- (parental) and GR' Jurkat cells were + + + + + - 
treated for different lengths of time (in minutes), as indi- D - + + + +  
cated. Total cytoplasmic RNA was extracted and 20- 
kg samples were separated on a 1°/o agarose gel, 
transferred to a nylon membrane, and analyzed by hy- 
bridization to M A D 3  (IKB~) and p65 (RelA) comple- 
mentary DNA probes. UN, untreated; T, TPA; D, DM.  
(B) GR' Jurkat cells were treated with TPA (T) or D M  
(D) or both for different times (in minutes) as indicated. 
Boxes 1 to 3 show no further additions. In boxes 4 1 2 3 4 5 6  

and 5, actinomycin D (ActD; 3 pg/ml), was added 15 min after the initial exposure to TPA or DEX, then 
cells were harvested every 15 min as indicated. In box 6, cells were pretreated with DEX for 15 min. 
followed by ActD, and after 15 min TPA was added. In boxes 7 to 9, ActD was added 15 rnin before 
incubation with TPA or DEX or both. Total cellular RNA was prepared and 30-119 samples were 
separated on an agarose gel, transferred to nylon membrane, and analyzed for the presence of MAD-3 
(IKB~) mRNA. (C) GR* Jurkat cells were incubated with DEX (D) for 15 min, then ActD (3 pg/ml) was 
either added (lane 3) or not (lane 2), and after 15 min TPA (T) was added. As a control, ActD was also added 
15 min before incubation with TPA plus DEX (lane 4), TPA (lane 5), or DM (lane 6). In addition, TPA was 
added alone (lane 1). Nuclear extracts were prepared, and NF-KB binding activity was examined. 

current results is that newly synthesized 
I K B ~  translocates to the nucleus. where. as 
shown in vitro (32), it can seq"ester free 
NF-KB and thereby promote net dissocia- 
tion of DNA-bound NF-KB. This is fol- 
lowed by translocation of IKBa- and p65- 
containing complexes to the cytoplasm. 
This mechanism also differs from the one 
proposed to explain inhibition of NF-KB 
activation by the relatively weak anti-in- 
flammatory agent aspirin (33). 

Inhibition of NF-KB activation can ac- 
count for many of the immunosuppressive 
and anti-inflammatory activities of GCs, 
which are amongst the most potent anti- 
inflammatory agents known. NF-KB plays a 
central role in induction of a large number of 
important immunoregulatory genes, includ- 
ing those encoding IL-1, IL-2, IL-3, IL-6, 
IL-8, TNF-a, interferon y (IFN-y), granulo- 
cyte-macrophage colony-stimulating factor, 
class I and class I1 major histocompatibility 
complexes, the K light chain, and endothe- 
lial leukocyte adhesion molecule 1 and in- 
tercellular adhesion molecule 1 ( 1  0). Several 
of these genes are also regulated by AP-1 (9), 
which synergizes with NF-KB (34). Because 
GCs inhibit both NF-KB and AP-1 activi- 
ties, albeit through different mechanisms, it - 
is no longer a surprise that they repress ex- 
pression of a very wide spectrum of immu- 
noregulatory genes. Indeed, administration 
of G C  prevents systemic release of IL-2, IL-6, 
IFN-y. and TNF-a in resDonse to anti-CD3 . . 
or to superantigen (2, 35). It is anticipated 
that other effective inhibitors of NF-KB and 
AP-1 may also turn out to be useful immu- 
nosuppressive and anti-inflammatory agents. 
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Altered DNA Recognition and Bending by 
lnsertions in the a 2  Tail of the Yeast a l / a2  

Homeodomain Heterodimer 
Yisheng Jin, Janet Mead, Thomas Li, Cynthia Wolberger, 

Andrew K. Vershon* 

The yeast MATa2 and MATal homeodomain proteins bind cooperatively as a heterodimer 
to sites upstream of haploid-specific genes, repressing their transcription. In the crystal 
structure of a2 and a1 bound to DNA, each homeodomain makes independent base- 
specific contacts with the DNA and the two proteins contact each other through an 
extended tail region of (1.2 that tethers the two homeodomains to one another. Because 
this extended region may be flexible, the ability of the heterodimer to discriminate among 
DNA sites with altered spacing between a2 and a1 binding sites was examined. Spacing 
between the half sites was critical for specific DNA binding and transcriptional repression 
by the complex. However, amino acid insertions in the tail region of (1.2 suppressed the 
effect of altering an alI(1.2 site by increasing the spacing between the half sites. Insertions 
in the tail also decreased DNA bending by al Ia2.  Thus tethering the two homeodomains 
contributes to DNA bending by a l l a2 ,  but the precise nature of the resulting bend is not 
essential for repression. 

Horneodoinaln protelns are found in a wide 
range of eukaryotlc organlsrns and form a 
large fainily of transcriptlon factors that 
f~lnction in inany different cellular pro- 
cesses ( 1 ). Although illally homeodo~nain 
protelns bind D N A  wlth relatively low se- 
quence specificity in vitro, they often confer 
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rrery specific reg~~latory actlvitles in vivo (2) .  
One  ~nechanisnl that holneodoinaln pro- 
teins use to achieve their biological speclfic- 
~ t y  1s through interactions with additional 
protein factors (3). Such protein-protein in- 
teractions increase D N A  blndlng affinity 
and specificity to the target sites. For exam- 
ple, in the yeast Saccharomyces cerevisiae, the 
a 2  homeodoma~n proteln interacts wlth ta.o 
other protelns to regulate cell-type specific 
gene expression (4). In haploid a cells, the 
a 2  protein acts in conlhination [rich 

tmore. MD 21205-2185, USA. ~ ~ 6 1 1 ,  a MADS hox proteln, to hind D N A  
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erodiiner and repress haploid-specific genes 
(hsg) (6) .  Therefore, M C M l  and a1 contrih- 
ute to the target site selection of 1x2. 

In asg repression, the M C M l  protein 
contributes to the sequence specific binding 
of a 2  in two different ways. First, the coop- 
erative interactions hetaeen the two nro- 
teitls increases the apparent D N A  binding 
affinity of the complex (5, 7). Second, in- 
teractions with M C M l  dictate the soacinp . L> 

and orientation of the a 2  hinding sites, 
which increases the D N A  hinding specific- 
ity of the coinplex (8). 

In hsg repressii)n, the a1 protein appears 
to play a similar role in helping a 2  bind 
selectively to the al/w2 target sites. It has 
heen shown that protein-protein interac- 
tions hetween a 2  and a1 contribute to the 
D N A  binding affinity (9) .  However, we 
wondered whether these nrotein-nrotein in- 
teractions also dictate the spacing and ori- 
entation of the honleodoinaln D N A  bind- 
ing sites and therefore contribute to the 
D N A  biniiing speciflclty of the complex. 
T h e  crvstal structure of the allw2lDNA , , 

ternary complex shows that although there 
are no direct contacts between the a 2  and 
a1 hoineodomalns, the two proteins inter- 
act through a region immediately following 
the a 2  hotneodonlain that fortns a short oc 
helix and tnakes a set of nlalnly hydropho- 
hic contacts with a1 (10).  Thls helix is 
tethered to the end of the third helix in the 
a 2  ho~neodolnain hy at1 extendeci linker 
region (residues 59 to 63 in the crystal 
structure, reslil~~es 189 to 193 of the intact 
protein) which does not appear to be mak- 
ing contacts with either protein or DNA. 
Because both NMR a i d  x-ray studies sug- 
gest that the linker is extended, it is possible 
that the linker is somewhat flexible (10,  
1 1  ). T h e  a1 protein may therefore not de- 
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