
are generally hydrophobic and contain a small 
number of polar groups capable of hydrogen 
bonding. The unique composition of the ligand 
pocket not only allows hPXR to bind a diverse 
set of chemicals, but also (as seen with 
SR12813) permits a single ligand to dock in 
multiple orientations. This binding mode stands 
in sharp contrast to other nuclear receptor- 
ligand interactions, which have evolved to be 
highly specific. Because hPXR activation is 
responsible for an important class of drug-drug 
interactions, these structures may be use l l  for 
in silico screening of drug candidates to predict 
and avoid dangerous side effects. 
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Promoter-specific recruitment of histone acetyltransferase activity i s  often 
critical for transcriptional activation. We present a detailed study of the in- 
teraction between the histone acetyltransferase complexes SAGA and NuA4, 
and transcription activators. We demonstrate by affinity chromatography and 
photo-cross-linking label transfer that acidic activators directly interact with 
Tralp, a shared subunit of SAGA and NuA4. Mutations within the COOH-
terminus of Tralp disrupted its interaction with activators and resulted in 
gene-specific transcriptional defects that correlated with lowered promoter- 
specific histone acetylation. These data demonstrate that the essential Tral 
protein serves as a common target for activators in both SAGA and NuA4 
acetyltransferases. 
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is important for the regulation of gene ex- 
pression ( I ) .  We have previously shown 
that two yeast histone acetyltransferase 
(HAT) complexes, SAGA and NuA4, spe- 
cifically interact with acidic activation do- 
mains and transcri~-
tion driven by these activators from chro- 
matin templates in vitro (2-4). The 1.8-
megadalton (MD) SAGA complex contains 
at least 14 subunits, and preferentially 
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acetylates histone H3 (5). The 1.3-MD 
NuA4 complex contains at least 11 subunits 
and preferentially acetylates histone H4 
(5).To understand the mechanism by which 
activators specifically recruit SAGA and 
NuA4, the identification of the activator 
target(s) within these HAT complexes is 
critical. 

SAGA and NuA4 exhibit a similar pref-
erence for interacting with acidic activation 
domains of the herpes virus VP16 and yeast 
Gcn4 proteins [Fig. 1A and (2, 6)]. The 
propensity of these complexes to interact 
with a similar set of acidic activators is fur-
ther supported by the coprecipitation of 
SAGA (Fig. lA, upper panel) and NuA4 
(Fig. lA, middle panel) HAT activity with 
glutathione S-transferase (GST) fusions of 
the yeast Gal4 and Hap4 acidic activation 
domains. The region of each activation do-
main utilized in these studies has been shown 
to be sufficient for transcriptional activation 
both in vitro and in vivo (7-9). Mutant acti-
vation domains VP16A456 and gcn4(5,7) are 
dramatically compromised in their ability to 
coprecipitate SAGA and NuA4 HAT activity 
(Fig. lA, lanes 7 and l l) ,  a finding that 
correlates with the reduced transcriptional 
potency of these domains (7,lO). Our results 
demonstratethat SAGA and NuA4 can inter-
act with a similar set of acidic transcriptional 
activators and exhibit comparable specificity, 
suggestingthat the underlying mechanism for 
activator interaction may be similar. 

To identify subunits within the native 
SAGA and NuA4 complexes mediating their 
interaction with activators, we used a photo-
cross-linking label transfer strategy (11). The 
advantage of this approach is that the activa-
tor target(s) can be identified within the con-
text of the intact HAT complex. We utilized 
two related photo-cross-linking agents, 
which differ only in the reactive group for 
conjugation to a bait protein (lysine-reactive 
Sulfo-SBED and cysteine-reactive SCA2) 
(Fig. 1B). GST-HAP4 was chosen as the bait 
protein, because it is the only activator in our 
study that contains a cysteine (1 C) and mul-
tiple lysines (14 K). In the presence of ultra-
violet (UV) irradiation, the biotin moiety was 
transferred from both the K and C derivatized 
HAP4 to a large protein of -400 kD in both 
the SAGA- and NuA4-containing reactions 
(Fig. 1C). The only known subunit to be 
shared between SAGA and NuA4 is the 434-
kD Tral protein (12, 13), and Tralp can be 
unambiguously identified as a target, because 
it is well separated from all other SAGA and 
NuA4 subunits (>200 kD larger). A second 
label transfer to an -80-kD polypeptide in 
the SAGA-containing reactions is sometimes 
observed, and the identity of this protein is 
currently being pursued. The background ob-
served in this assay is independent of the 
addition of HAT complex and presumed to be 

due to the dimerization of GST-HAP4. This 
background precluded the detection of other 
possible activator targets, particularly be-
tween 50 and 66 kD (see below). However, 
the label transfer occurring between HAP4 
and Tralp implicates Tralp as a direct target 
of activators in SAGA and NuA4. 

The essential Tral protein (14) is homol-
ogous to human TRRAP (15), a protein com-
ponent of the SAGA-related HAT complexes 
PCAF, TFTC, and STAGA and the NuA4-
related TIP60 HAT complex (5). TRRAP 
was originally identified biochemically as a 
cofactor that was purified from HeLa nuclear 
extracts via a c-Myc affinity column, and 
found to be necessary for c-Myodependent 
cell transformation (15). To confirm a direct 
interaction between Tralp and activators, pu-
rified Tralp (11, 16) was used in GST pull-
down assays with the activators presented 
above (Fig. 2A). The purified Tral protein 
efficiently coprecipitatedwith wild-type acti-
vation domains of VP16, GCN4, GAL4, and 
HAP4, but not with the VP16A456 and 

Fig. 1. (A) Coprecipitation assays per-
formed with Superose 6-purified SAGA 
and NuA4 HAT complexes and 3 p,g of 
GST or CST activator fusions VP16, 
VP16A456, CCN4, gcn4(5,7). GAL4, and 
HAP4 (7 7). Equal amounts of input, su-
pernatant (S), and glutathione-Sepharose 
bound (8) fractions were assayed for HAT 
activity (30). Top panel, fluorograms of 
SAGA-dependentcore histone HAT activ-
ity. Middle panel, fluorograms of NuAC 
dependent nucleosomal HAT activity. 
Bottom panel, Coomassie blue stainingof 
upper panel gel showing levels of precip-
itated GST-activator fusions and core his-
tone substrates. (B)Schematic of tetra-
functional cross-linking reagents Sulfo-
SBED (Pierce) and SCA2 (35) with cross-

gcn4(5,7) mutants (Fig. 2B). These results 
show that Tralp interacts with activation do-
mains with the same specificity as native 
SAGA and NuA4 (see Fig. 1A). Together, 
the cross-linking and pull-down studies es-
tablish that Tralp is an important mediator of 
HAT-activator interaction. 

The Drosophila and human homologs of 
the yeast SAGA subunit TAFI,17 (dTAFl,40 
and hTAFI,31, respectively) have been 
shown to interact with acidic activators when 
expressed individually (17-20). Thus, the 
smaller yeast TAFI117protein represented a 
potential activator target in SAGA. To ex-
amine this possibility, a SAGA TAF,,-
Adalp subcomplex (consisting of TAFI,17, 
TAF,,60, and histone-fold domains of 
TAFI161 and Adalp) were coexpressed in 
Escherichia coli, purified to homogeneity 
(Fig. 2C) (21, 22), and tested for activator 
interactions. As shown in Fig. 2D (upper 
panel), specific interactions between the 
TAF,,-Adalp complex and acidic activa-
tion domains were not detected. Consistent 

CST- 1 
Activators 

linking distances of 21' A' and 17 A, \ 
respectively. Numbers on scheme are as Photoactivatable (4) (1) 

follows: (I), reactive group for conjuga- arylazide \ 1 /
Sulfo-NHS ester (K) 

tion t o  bait protein at lysine (K) residues ,S-9-- 2-thiopyridine (C) 
(~ulfo-SBED)or cyst4ne (c)'residues 
(SCAZ); (Z), photactivatable arylazide; (3) 
biotin moiety detectable by streptavidin-
horseradish peroxidase 
(HRP); (4), disulfide C - UV 1Strep-HRP + UV IStrewHRP - UV 1 a-Tral 
linkage reducible by di- HAP4 K K C C  K K C C  K K C C  K K C C  K K C C  K K C C  
thiothreitol (DTT). (C) - + - +  - + - +  
Photo-cross-Linking 
analysis of CST-HAP4 
(-0.6 pmol), conjugat-
ed w ~ t hSulfo-SBED (K) 
or SCAZ (C) and puri- 66 

fied SAGA and NuA4 45 

(-0.3 pmol) (77). Re- 31 ?- - - .  -----
actions were separated 
by 4 t o  15% SDS- 22 

polyacrylamide gel 14 

electrophoresis (SDS- 1 2 3 4 5 6 7 8 9 1011121314151617  1 ~ 1 9 2 0 2 l 2 2 2 3 2 4 2 5  

PACE) and blotted t o  
polyvinylidene difluoride (PVDF) membrane. Left panel, streptavidin-HRP probed blot of reactions 
incubated in the absence of UV irradiation. Biotinylated protein markers (New England Biolabs) are 
shown in lane 1. Middle panel, streptavidin-HRP-probed blot of reactions irradiated with UV light for 10 
min at room temperature and reduced with 100 mM DTT. Right panel, left blot (-UV) was reprobed 
with Tralp antibody. 
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with this finding, we did not detect a label that TAF,,17 participates in activator interac- subcomplex, i t  fails to bind activators under 
conditions where Tralp binds efficiently. 

The Ada2p subunit o f  SAGA has also 
been shown to interact with acidic activators 
when expressed individually (23, 24). We 
tested the ability o f  Ada2p, within the context 
o f  its interaction partners Ada3p and Gcn5p 
(25, 26), to associate with activators. The 
recombinant Ada2p-Ada3p-Gcn5p trimeric 
complex (Fig. 2C, lane 4) can efficiently 

transfer to TAF,, 17 in the cross-linking studies tions in vivo (perhaps as a modified protein or 
(Fig. 1C). Thus, although i t  remains possible within TFIID), when incorporated into a SAGA 

A 7 
B 

Beads Supernatant 

acetylate nucleosomal and core histone sub- 
strates, and i t  exhibits acetylase activity com- 
parable to the intact SAGA complex (27). 
However, in contrast to the results with 
Tralp, the recombinant Ada2p-Ada3p-Gcn5p 
trimeric complex failed to demonstrate spe- 
cific interactions with acidic activators (Fig. 
2D, lower panel). In addition, we have found 
that mutant SAGA complexes lacking Ada2p 
retain the ability to interact with activators 
(11). These results are consistent with the 
observation that the A D A  H A T  complex con- 
taining Ada2p, Ada3p, and GcnSp, but not 
Tralp, is unable to interact with acidic acti- 
vators (2). Furthermore, we find that Gcn5p- 
dependent histone acetylation is required for 
the toxic effects o f  GAL4-VP16 overexpres- 
sion i n  yeast (11). We suggest that ADA2, 
ADA3, and GCN5 were identified in the 
VP16 toxicity screen because they are re- 
quired for the nucleosomal H A T  activity o f  
SAGA (27), not because o f  their contacts 
with activators (11). These results strongly 

D Beads Supernatant 

Fig. 2. (A) Silver-stained SDS-PACE gel of Flag-Tralp purified from yeast extracts (77) (lane 2). BenchMark 
protein molecular mass standards (Cibco-BRL) (lane 1). (B) CST-activator (-10 pg fusion protein) 
coprecipitation assays with purified Flag-Tralp (77). Equal amounts of input, supematant, and bead 
fractions were immunoprobed with the antibody against Tralp (a-Tral). (C) Coomassie blue-stained 
SDS-PACE gel of recombinant SAGA histone-fold subcomplex [full-length TAF,,60 and TAF,,l 7; histone-fold 
domains of TAF,,61 and Adalp (27, 22)] (lane 2). Coomassie blue staining of recombinant SAGA trimeric 
complex [full-length Ada2p. Ada3p, and Ccn5p (27)] (lane 4). Lanes 1 and 3, BenchMark protein molecular 
mass standards (Cibco-BRL). (D) CST-activator coprecipitation assays (-10 k g  recombinant protein 
cross-linked to glutathione-Sepharose) were performed with the TAF,,-Adalp histone-fold complex (upper 
panel), and the Ada3-Ada2-Gcn5p trimeric complex (lower panel) (77). Equal amounts of input, super- 
natant, and bead fractions were immunoprobed with the indicated antibody. 

suggest that Tra lp plays a more important 
role i n  activator interactions o f  the SAGA 
complex than does Ada2p. 

To  gain further insight into TRAI func- 
tion, we isolated six temperature-sensitive al- 
leles. The majority o f  the t r n l  temperature- 
sensitive alleles resulted in a dramatic reduc- 
tion o f  Tra l  protein levels at the restrictive 

B wild-type tral-2 

0 1 2 3 0 1 2 3 hrs3irC 

Fig. 3. (A) Dilutions (fourfold starting at an optical den- 
sity at 600 nm of 0.16) of wild-type (WT) and tra7-2 
strains were spotted onto plates with yeast extract, 
peptone, and dextrose (YPD), then grown at 30°C and 
37°C for 2 days, or yeast nitrogen base and dextrose 
(YMD) plates with and without 1 kglrnl sulfometuron 
methyl (SM) (grown at 30°C for 3 days). (B) Northern 
analysis of wild-type and tra7-2 strains grown in minimal 
medium at 30°C and shifted t o  37°C for 3 hours. (C) 
Northern analysis of wild-type and tra7-2 strains grown 
in minimal medium at 30°C. RNA loading was standard- 
ized to  scR1, and the percentage decrease in the tral-2 
mutant as compared with wild-type is reported to  the 
right (average of three experiments). (D) Quantification 
of chromatin immunoprecipitation experiments per- 
formed with anti-acetylated H3 and H4 antibodies (Up- 
state Biotechnology) (77) with extracts prepared from 
wild-type and tral-2 strains grown at 30°C or shifted to  
37°C for 3 hours. Slot blots were probed with fragments 
corresponding t o  the HIS3 UAS and HIS4 UAS (1 I), and 
quantification of chromatin IP experiment is reported 
as a percentage of immunoprecipitated material. 

WT lral-2 1ral-2 WT tral-2 tral-2 
30C 30% 3 f C  30'C 30% 3TC 

HIS3 UAS HIS4 UAS 
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temperature (37OC) (28). In contrast, the pro- 
tein levels of one temperature-sensitive al- 
lele, termed tral-2, remained unchanged 
even at the restrictive temperature [0 to 4 
hours at 37OC (28)l. SAGA and NuA4 com- 
plex integrity and HAT activity appear to be 
intact at both the permissive and nonpermis- 
sive temperature in the tral-2 mutant (28). 
However, yeast-expressing tral-2p exhibited 
phenotypes consistent with compromised 
Gcn4p-dependent transcription. First, growth 
of the tral-2 strain is sensitive to sulfometu- 
ron methyl (Fig. 3A), an inhibitor of isoleu- 
cine and valine biosynthesis, and a derepres- 
sor of the Gcn4p-regulated genes (29). Sec- 
ond, a time course at 37°C revealed that HIS4 
transcript levels are reduced in the tral-2 
mutant (Fig. 3B). Third, the tral-2 mutant 
grown at the permissive temperature exhibits 
an -50% reduction in steady-state RNA lev- 
els of Gcn4p-regulated genes ARGI, HIS3, 
and HIS4 as compared with ACT1 and SCRl 
(RNA pol I11 gene) (Fig. 3C). Finally, in vivo 
chromatin irnmunoprecipitation studies re- 
vealed a lower level of histone H3 and H4 

acetylation at the HIS3 and HIS4 upstream 
activating sequence P A S )  regions in the 
tral-2 mutant. Reduced levels of acetylation 
were detected at the permissive temperature, 
and after 3 hours at the nonpermissive tem- 
perature, both H3 and H4 acetylation levels 
were decreased by about half to one-third 
[Fig. 3D and (Il)]. 

Given the observed defects for the tral-2 
mutant in Gcn4p-dependent transcription and 
promoter acetylation, we explored the possi- 
bility that mutations within tral-2p decrease 
the efficiency with which activators can re- 
cruit SAGA and NuA4 to promoters. Consis- 
tent with this hypothesis, we found that the 
tral-2 protein was defective in its ability to 
interact with activators. For these experi- 
ments, HAT complexes were enriched by 
Ni-agarose chromatography (30) and tested 
for the ability to interact with GST-VP16. 
Reduced interaction was observed for the 
tral-2 protein at the permissive temperature, 
and further reduction occurred with extracts 
prepared at the restrictive temperature (Fig. 
4B). Sequencing of the tral-2 allele identi- 

B 26°C 

GST VP16 -- 
A - 
8 8 
m m 
e? g e? g 
a m a m 
3 a 3 w  
m m m m  

37°C C 
GST VP16 -- 

D Fig. 4. (A) Schematic of the tral-2 protein with 

FLAG IP the seven amino acid substitutions labeled (36). 

Input 
The gray shaded box encompasses amino acids 

Li --- 2226 to 3744. ATM-PI3 kinase related domain 

7 E (PIK) is shaded black. (B) CST-VP16 pull-down 
Sf! Sf! assays performed with HAT complexes enriched ? $  b ~ k a c o a  8 u. u. a , a > a > by Ni-agarose chromatography ( 1  7). Wild-type 

and tral-2 strains were grown at either 26°C or 
for 3 hours at 3 P C .  (C) CST-VP16 pull-down 
assays performed with [%]Met in vitro translat- 
ed (Promega) wild-type and tral-2p COOH-ter- 
minal regions (amino acids 2226 to 3744) ( 1  7). 

a-Tral a-FLAG (D)  FLag-tagged derivatives of wild-type (F-Tral) 
and Tralp deletion mutant A2233 to 2836 (F- 

AAID) were expressed in the wild-type yeast strain (YJWlOO) on a high-copy vector. FLAC(M2)- 
Sepharose and GST-VP16 coprecipitation assays were performed with 200 k g  of yeast whole-cell 
extract (7 7). 

fied seven point mutations, five of which 
reside within the COOH-terminal half of the 
protein (Fig. 4A). This suggested that the 
activator interaction domain (AID) might be 
contained within the COOH-terminus. To test 
this possibility, the COOH-terminal regions 
(amino acids 2226 to 3744) of wild-type 
Tralp and tral-2p were produced by in vitro 
translation and tested for the ability to inter- 
act with VP16 (11). As shown in Fig. 4C, 
only the wild-type COOH-terminal fragment 
was capable of interacting with VP 16, but not 
the fragment derived from the mutant tral-2 
protein. Moreover, a deletion within this do- 
main (A2233 to 2836 amino acids) in the 
context of the full-length Tral protein (11) 
dramatically reduced the ability of Tralp to 
interact with VP16 (Fig. 4D). These results 
suggest that the COOH-terminal region of 
Tral p directly mediates the observed interac- 
tion with activators. 

In summary, we have identified Tralp as 
a direct target of activators within the NuA4 
and SAGA HAT complexes. We have shown 
that mutations within TRAI resulted in de- 
creased interaction with acidic activators, 
gene-specific transcriptional defects, and de- 
creased acetylation levels at Gcn4p-regulated 
genes. Our findings suggest that Tralp de- 
fines a general mechanism by which SAGA 
and NuA4 interact with acidic activators. 
These results suggest that SAGA and NuA4 
might be recruited by a similar set of yeast 
activators to a common set of promoters. In 
support of this hypothesis, mutations in 
SAGA and NuA4 decrease the expression of 
a subset of Gcn4p- and Pho4p-regulated 
genes (31-33). However, it is important to 
note that SAGA and NuA4 are unlikely to 
have identical roles in transcription. Even if 
an activator recruits both SAGA and NuA4, 
these HATS acetylate discrete histones sub- 
strates (H3-H2B and H4-H2A, respectively), 
and thus likely have some distinct functions 
with respect to transcriptional activation. It 
remains possible that other subunits within 
SAGA and NuA4 increase the HAT-activator 
interaction or alter activator specificity in a 
Tralp-independent manner. 

TRRAP-dependent hGcn5 recruitment 
has been shown to be essential for the c-Myc 
oncogenic activity (34). In light of this and 
our results, we envisage that the Tralp-de- 
pendent recruitment of acetyltransferase ac- 
tivity is critical for the regulation of gene 
expression. 
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Requirement of ERK Activation 
for Visual Cortical Plasticity 
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Experience-dependent plasticity in the developing visual cortex depends on 
electrical activity and molecular signals involved in stabilization or removal of 
inputs. Extracellular signal-regulated kinase 1,2 (also called ~ 4 2 1 4 4  mitogen- 
activated protein kinase) activation in the cortex is regulated by both factors. 
W e  show that two different inhibitors of the ERK pathway suppress the in- 
duction of two forms of long-term potentiation (LTP) in rat cortical slices and 
that their intracortical administration to monocularly deprived rats prevents 
the shift in ocular dominance towards the nondeprived eye. These results 
demonstrate that the ERK pathway is necessary for experience-dependent 
plasticity and for LTP of synaptic transmission in the developing visual cortex. 

During development, experience exerts a 
strong control over formation of circuitry in 
sensory cortices, promoting the strengthening 
or weakening of synapses. For example, 
monocular deprivation (MD) during the crit- 
ical period determines a loss of responsive- 
ness to the deprived eye in visual cortical 
neurons. Molecules controlling experience- 
dependent plasticity during the critical period 
(1-3) should be regulated by electrical activ- 
ity (4, 5) and by other factors, such as neu- 
rotrophins (6-~9),important for cortical plas- 
ticity. Electrical activity and neurotrophins 
are among the strongest activators of ERK (9, 
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lo), suggesting that ERK could act as an 
integrating molecule between these two reg- 
ulatory mechanisms. ERK is also implicated 
in activity-dependent plasticity by studies of 
learning and memory (11-14). We investi- 
gated the role of ERK in experience-depen- 
dent plasticity of the visual cortex and on 
LTP, an in vitro model of activity-dependent 
synaptic plasticity [see Web material (15) for 
methods]. 

The effect of specific inhibitors (16) of 
the ERK pathway (U0126 and PD98059) 
on LTP induction was studied in visual 
cortical slices. A stimulating electrode was 
placed in layer IV. and field potentials 
(FPs) were evoked by a brief current pulse 
(100 ks)  delivered every 30 s and recorded 
in layer 111 (17 ) .  stimulus intensity was 
55 i 9% of that evokingu the maximal 
response, In normal saline, theta burst stim- 
ulation (TBS) delivered to layer IV induced 
a potentiation of the response [FP ampli- 
tude 25 min after TBS (as percentage of 
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pre-TRS baseline), 120.0 + 2.8%; n = 71. 
To assess the effects of ERK pathway 

inhibitors on LTP, slices obtained from the 
same animal (P26 to P33) were treated 10 
min before TBS with the blocker or its vehi- 
cle [dimethyl sulfoxide (DMSO) 0.1%]. Ad- 
ministration of U0126 (20 kM, a specific 
inhibitor of the upstream enzymes MEK that 
activate ERK) prevented LTP induction (Fig. 
1): FP amplitude in U0126 treated slices re- 
mained at pre-TBS levels (99.4 ? 4.3%). In 
contrast, control slices displayed normal LTP 
(119.1 ? 3.7%). Change in FP amplitude 25 
min after TBS is reported in Fig. 1C for each 
slice (U0126 treated or control). The time 
course of the response amplitude of U0126 
treated slices differs from controls immedi- 
ately after TBS delivery (Fig. 1A). The ra- 
pidity of the onset of U0126 effect suggests 
that ERK action is required for mechanisms 
of potentiation that, at least initially, are in- 
dependent of gene transcription. The inhibi- 
tory effect of U0126 on LTP was not caused 
by reduced responses to the TBS or by 
antagonization of N-methyl-D-aspartate 
(NMDA)-mediated synaptic transmission, a 
key event for the induction of this form of 
LTP (15). 

To exclude that LTP suppression by 
U0126 was due to a nonspecific interaction 
with molecules other than MEK, we tested a 
different MEK inhibitor, PD98059; 10-min 
incubation in 50 KM PD98059 totally sup- 
pressed LTP induction (Fig. IC). Thus, inhi- 
bition of ERK signalling prevented LTP in- 
duction in the layer IV-111 pathway. 

FPs recorded in layer 111 after stimulation 
of white matter (WM) can also be potentiated 
by TBS. However, unlike layer IV-111 LTP, 
which can be elicited through the entire life- 
time, WM LTP is present only during the 
critical period. This observation suggested 
that this form of synaptic plasticity might be 
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