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Molecular Architecture of the S. cerevisiae
SAGA Complex

vator containing approximately 14 polypeptides that has
been shown to modulate the transcription of numerous
genes. To function as a transcriptional coactivator,
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and several histone fold-containing subunits, including
Ada1, Taf6, and Taf12 (Bhaumik and Green, 2004; Brown
et al., 2001; Hall and Struhl, 2002; Klein et al., 2003).Summary

The structural integrity of SAGA requires two addi-
tional groups of proteins. The Spt7, Spt20, and Ada1The Saccharomyces cerevisiae SAGA complex is a

multifunctional coactivator that regulates transcrip- subunits function as SAGA core components, and mu-
tant strains that do not express any one of these sub-tion by RNA polymerase II. The 3D structure of SAGA,

revealed by electron microscopy, is formed by five units lack intact SAGA complex and exhibit severe phe-
notypes (Grant et al., 1997; Horiuchi et al., 1997; Robertsmodular domains and shows a high degree of struc-

tural conservation to human TFTC, reflecting their re- and Winston, 1997; Sterner et al., 1999; Wu and Winston,
2002). Further biochemical characterization suggestslated subunit composition. The positions of several

SAGA subunits were mapped by immunolabeling and that Spt7 plays a key role in SAGA assembly and in
maintaining normal levels of SAGA (Wu and Winston,by analysis of mutant complexes. The Taf (TBP-associ-

ated factor) subunits, shared with TFIID, occupy a cen- 2002). The second group consists of a subset of the Tafs
(Taf5, Taf6, Taf9, Taf10, and Taf12), essential proteinstral region in SAGA and form a similar structure in

both complexes. The locations of two histone fold- initially identified as components of the TFIID general
transcription factor (Grant et al., 1998a). Mutations incontaining core subunits, Spt7 and Ada1, are consis-

tent with their role in providing a SAGA-specific inter- TAF5, TAF10, and TAF12 affect SAGA composition and
integrity, indicating the importance of these proteins forface with the Tafs. Three components that perform

distinct regulatory functions, Spt3, Gcn5, and Tra1, are SAGA structure (Durso et al., 2001; Grant et al., 1998a;
Kirschner et al., 2002).spatially separated, underscoring the modular nature

of the complex. Our data provide insights into the mo- Recent studies have begun to elucidate the subunit
interactions within SAGA. Two Taf subunits in SAGA,lecular architecture of SAGA and imply a functional

organization to the complex. Taf10 and Taf12, have been shown to associate directly
through their histone fold domains with the SAGA-spe-
cific core components Spt7 and Ada1, respectivelyIntroduction
(Gangloff et al., 2000, 2001). Experiments to reconstitute
subunit interactions between Tafs and their partnersTranscription initiation by RNA polymerase II is a highly

regulated process that requires the coordinated activi- using recombinant proteins have demonstrated that the
ties of a large number of factors. One important and heterodimer pairs Ada1-Taf12 and Taf6-Taf9 form an
conserved class of factors is coactivators, multiprotein octameric complex (Selleck et al., 2001). Characteriza-
complexes that are recruited to promoters by gene- tion of a number of SAGA subunit mutants has also
specific activators to facilitate transcription initiation. contributed information on their contacts in SAGA. Ex-
Coactivators have been shown to function by several amination of SAGA purified from taf10 mutants suggests
distinct mechanisms to integrate different functions re- that Taf10 can associate with both Spt7 and Ada2
quired for regulated gene expression, such as nucleo- (Kirschner et al., 2002). Similarly, Taf5 mutants are signif-
some remodeling and recruitment of general transcrip- icantly reduced in their ability to interact with Spt7, Ada1,
tion factors (reviewed in Cosma, 2002; Roth et al., 2001). and Ada3 (Durso et al., 2001). Biochemical analysis of

One coactivator that has been extensively studied mutant SAGA complexes has also yielded a general
by both genetic and biochemical approaches is the picture of the structural requirements for different sub-
S. cerevisiae SAGA complex. SAGA is a 1.8 MDa coacti- units in SAGA. Deletion of the core components Spt20

and Ada1 dramatically alters the composition of the
complex, demonstrating their important role in SAGA*Correspondence: patrick.schultz@igbmc.u-strasbg.fr
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structure and suggesting a central location in SAGA (Wu
and Winston, 2002). The absence of subunits that are
not essential for maintaining complex integrity, such as
Spt3 and Gcn5, does not affect the association of any
other proteins within SAGA, suggesting a peripheral lo-
cation in the complex.

Some insight into SAGA architecture was provided by
the determination of the structures of the TFTC and
TFIID transcription complexes by electron microscopy.
The TFTC, PCAF, and STAGA complexes are human
homologs of SAGA that contain many of the same sub-
units (Brand et al., 1999b; Martinez et al., 1998; Martinez
et al., 2001; Ogryzko et al., 1998). TFTC forms an elon-
gated particle approximately 27 � 16 nm in size com-
posed of five domains (Brand et al., 1999a). However,
the structural homology between TFTC and SAGA re-
mains to be demonstrated, and more importantly, the
organization of subunits within these coactivators is un-
known. Some information about the organization of
SAGA may be inferred from studies of TFIID. The struc-
ture of S. cerevisiae TFIID is composed of three major
lobes and resembles a molecular clamp (Leurent et al.,
2002, 2004). Immunolabeling experiments demon-
strated that Tafs containing histone fold domains are
present in two locations and confirmed that the pre-
viously characterized heterodimer pairs are present in
the native structure. As SAGA contains several Tafs
(Grant et al., 1998a), it is important to determine whether
this subunit stoichiometry is preserved and whether
TFIID and SAGA share an underlying organization based
on a Taf substructure.

To investigate the molecular organization of SAGA, we
have determined the three-dimensional (3D) structure of
SAGA and characterized the positions of many of its
subunits by electron microscopy. Our results show that
SAGA is similar in size and structure to its human coun-
terpart, TFTC, reflecting conservation in function as well
as subunit composition. Localization of the Taf subunits
in SAGA suggests a central structure that may form a
scaffold on which SAGA-specific proteins assemble.
Part of the Taf interface consists of core components
of the complex, Spt7 and Ada1, which interact with the Figure 1. Electron Microscopy and Image Analysis of the S. cerevis-
Tafs through their histone fold domains. Detailed map- iae SAGA Complex
ping of SAGA subunits that provide key functions in (A) TAP-purified SAGA from an Spt7-TAP-tagged, otherwise wild-
transcriptional control, such as Spt3, Tra1, and Gcn5, type strain (FY2031) was prepared, run on a 5%–20% SDS-PAGE

gel, and silver stained.demonstrate their spatial separation in distinct struc-
(B) Electron micrograph of SAGA molecules adsorbed on a carbontural lobes.
film and negatively stained with uranyl acetate, showing the homo-
geneity in size and the dispersion of the complexes.

Results (C) Representative SAGA views. The three views correspond to dif-
ferent orientations of the molecule. In the view shown in the left
panel, four domains are revealed and are identified as I–IV.A Three-Dimensional Model of the S. cerevisiae
(D) Three views of SAGA that reveal a fifth domain (labeled V) thatSAGA Complex
can adopt various positions (compare the left and the central panel)The S. cerevisiae SAGA complex was affinity purified
or can be absent (right panel). The bar represents 100 nm in (B) and

on protein A and calmodulin columns via a C-terminal 20 nm in (C) and (D).
TAP tag on the Spt7 subunit, and characterized as pre-
viously described (Figure 1A) (Wu and Winston, 2002).
This preparation of SAGA possesses histone acetyl- ucts or contaminants were also observed and were not

further analyzed. The elongated particles were observedtransferase activity and can be specifically recruited to
a nucleosomal array by the Gal4-VP16 activator in vitro reproducibly in several different preparations and were

found to be absent from ada1� mutants, indicating that(data not shown). When viewed by electron microscopy,
about two-thirds of the complexes appeared as elon- they correspond to the SAGA molecules. A total of 6041

molecular images were recorded and numerically ana-gated particles 27 � 18 nm in size (Figure 1B). Smaller
particles that could represent either degradation prod- lyzed to obtain characteristic views of the particle. In
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details. Domain III (8 � 8 � 10 nm) is connected to
domain II through a thin linker and to domain IV (9 �
13 � 9 nm). Two large clefts are present in the structure
of SAGA, formed by domains I, II, and III for one and by
domains II, III, and IV for the second. To prevent the
vanishing of the flexible domain V upon averaging, a
model was generated after selection of the complexes
in which domain V had a similar position. Three cycles
of reconstruction and sorting of the particles on the
basis of their similarity with the model showing the addi-
tional density were used to recover domain V from back-
ground (Figure 2B, right panel).

The overlay of the previously determined 3D structure
of human TFTC (Brand et al., 1999a) on the envelope of
SAGA shows the conservation in size and overall shape
of the two complexes which reflects their functional
homology and related subunit composition (Figure 2C).
Major differences were observed in the positions of pro-
tein domains such as domain V in SAGA or a detachable
part connected to the corresponding domain II in TFTC.
These differences reflect the presence of unique sub-

Figure 2. Three-Dimensional Model of the SAGA Complex and units in either TFTC or SAGA and may indicate their
Comparison with the Human TFTC Complex ability to carry out distinct but related functions.
(A) Surface representation of the 3D reconstruction of SAGA at a
resolution of approximately 3.1 nm. The model is turned around a Mapping of the Taf Subcomplex Commonvertical axis by equally spaced increments of 90�.

to SAGA and TFIID(B) Surface representation of the average SAGA model (left) and a
SAGA and TFIID share five subunits (Taf5, Taf6, Taf9,model derived from a subpopulation of images in which the flexible

domain V was present in a fixed position (right). However, due to Taf10, and Taf12) that are likely to form a similar sub-
the residual flexibility of this apical region, the size of domain V structure in both complexes, and antibodies were used
(arrowhead) is smaller than expected. here to examine the arrangement of three Tafs in SAGA.
(C) Alignment and superposition of the SAGA model (blue) with the Purified SAGA was incubated with a Taf6-specific poly-previously determined human TFTC model (red) (Brand et al., 1999a).

clonal antibody and the analysis of 509 molecules identi-The bar represents 10 nm in (A) and (B) and 3.7 nm in (C).
fied two distinct labeled sites in view 4, in domains II
and III (Table 1 and Figure 3A). These results suggest
that Taf6 is present in two copies in SAGA, similar toseveral views, SAGA appears to be composed of four

domains, 7–10 nm in size (labeled I–IV in Figure 1C), what was determined for yTFIID, where all histone fold
domain (HFD) Tafs were found to be present in twolinked together in an almost linear arrangement. Upon

closer inspection of a characteristic view, an additional locations (Leurent et al., 2002). The position of Taf5, a
Taf without a HFD, was determined using a monoclonalprotein domain V was detected at the tip of the complex,

in contact with domain IV (Figure 1D). Variance analysis antibody directed against the N-terminal part of the pro-
tein. This analysis showed that the antibody binds toof this region showed that this domain is flexible since

it was found in different positions with respect to do- domain III (Table 1 and Figure 3C). Finally, for Taf10, the
antibodies were found to bind to the central part ofmains I–IV (Figure 1D, compare left and central panels).

Furthermore, domain V was not visible in about 35% of the molecules in view 3, a result confirmed for other
orientations of the particle. Within this specific region,the molecular images, suggesting that it may be tran-

siently attached to the SAGA complex (Figure 1D, two antibody binding sites were detected, one in domain
III and one in domain II. For each antibody binding siteright panel).

The SAGA views reveal striking similarities with the an average view was produced and a density difference
map was calculated with the corresponding unlabeledpreviously analyzed TFTC complex, allowing for the use

of the 3D model of TFTC for angular assignment. A view and was contoured at a 3� significance threshold
(Figure 3A). These findings suggest that Taf10 is presenttotal of 118 different views of the SAGA complex were

identified, and the angular distribution of the views in two copies within SAGA, as was previously found
for TFIID (Leurent et al., 2002). However, due to theshowed that they form a tomographic series around

the long axis of the molecule (data not shown). The pronounced symmetry of view 3 and the symmetric posi-
tion of the two binding sites, it cannot be excluded thatresolution tests gave values of 3.4 and 2.8 nm for the 0.5

FSC and the 3� criteria, respectively (see Experimental the two labeled sites correspond to the same location.
The spatial distribution of Taf5, Taf6, and Taf10 wasProcedures). The density threshold was set to delimit a

volume of 1900 kDa, consistent with the mass of the found to be similar in SAGA and in TFIID (Figure 3D).
The positions of Taf5 and Taf6 were used as anchorcomplex determined by gel filtration (Grant et al., 1997).

SAGA is composed of four major domains that form a points to align the 3D models of TFIID and SAGA (Figure
3E). This alignment shows that the TFIID clamp fits intoparticle 27 � 17 � 13 nm in size (Figure 2A). The two

largest domains, I and II, 10 � 11 � 8 nm and 12 � 9 � the cleft formed by the SAGA domains II, III, and IV.
However, major densities in TFIID, particularly lobe B,10 nm in size, respectively, show considerable internal
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Table 1. Labeling Statistics

Number of Images Sector
Labeled
Subunit n1 View n2 1 2 3 4 5 6 7 8

Taf10 582 3 125 0.2 18.5 0.7 0.2 0.7 11.8 0.7 1.0
Taf 6 509 4 89 1.0 1.0 7.3 0.4 4.5 1.2 1.2 0.1
Taf5 456 2 159 0.5 1.2 1.0 0.9 1.1 0.8 7.1 0.5
Spt7 654 1 170 1.3 3.0 0.3 0.8 0.6 1.9 0.6 0.5
Ada1 560 1 111 0.9 1.7 0.6 0.6 0.6 0.6 9.9 11.4

2 246 0.9 0.6 0.3 2.2 1.6 0.2 3.5 6.9
Tra1 809 1 119 1.9 1.0 11.9 1.0 0.2 0.2 0.4 0.2

2 39 0.4 0.4 10.6 0.6 1.4 1.5 0.4 0.6
Spt20 1399 1 244 1.9 0.7 0.5 0.8 0.1 0.8 1.0 4.1

3 212 1.9 0.9 0.3 1.2 1.0 0.7 0.9 3.9
Spt3 803 1 136 15.1 0.3 0.7 0.3 0.3 1.2 0.3 0.3
Gcn5 1676 1 126 0.4 4.8 1.8 0.4 0.1 0.1 1.5 1.4

2 112 0.6 7.4 0.9 0.9 0.9 0.4 1.7 0.2
3 203 0.6 5.3 1.0 1.0 0.1 1.1 1.0 1.1

The upper panel shows the four major views analyzed and their division into eight sectors used to determine labeling specificity. For each
antibody used to detect the position of a SAGA subunit, the table shows the number of recorded labeled particles (n1), the particular view
analyzed (view), and the number of images corresponding to the analyzed view (n2). The values reported for each sector represent deviations
from the average binding frequency (in sigma folds). Italic characters represent values higher than 3�.

fall outside of the SAGA envelope, and conversely, were collected, and image analysis showed a new pro-
tein domain, consistent with the size of streptavidin,SAGA domains I and V are absent in TFIID. These differ-

ences reflect the contributions made by specific sub- in the labeled complexes (Figure 4A, left panel). This
observation was made for several independent viewsunits.
and is consistent with a unique 3D location of Spt7 in
domain III. The second approach utilized an HA-specificLocalization of the Histone Fold Domain-Containing

Subunits Ada1 and Spt7 antibody to probe the position of an HA tag fused to
the N terminus of Spt7. Analysis of 654 antibody-labeledIn SAGA, biochemical characterization, using recombi-

nant purified proteins, has demonstrated the formation complexes revealed that the probe specifically bound
domain III, in agreement with the results obtained withof an octameric complex comprised of Ada1, Taf6, Taf9,

and Taf12 (Selleck et al., 2001). Other studies have the calmodulin labeling (Table 1 and Figure 4A, central
panel). Taken together, these results show that Spt7shown that two histone fold domain (HFD)-containing

Tafs, Taf10, and Taf12, interact with two other SAGA- maps near the Taf subassembly, in close proximity to
Taf10, and that Spt7 is present as a single copy in SAGA.specific HFD-containing proteins, Spt7 and Ada1, re-

spectively (Gangloff et al., 2000, 2001; Reese et al., To map the position of Ada1 in SAGA, we used an
Ada1-specific polyclonal antibody and two distinct2000). In order to investigate whether the Taf10-Spt7 and

Taf12-Ada1 interactions are plausible within the SAGA SAGA views were analyzed (Table 1 and Figure 4B, up-
per and lower panels, respectively). In both orientationscomplex, the positions of Spt7 and Ada1 were deter-

mined by different labeling approaches. In addition, the of SAGA, the antibodies bound to two distinct sites, one
in domain II and one between domains III and IV. A smallstructure of an ada1� mutant SAGA was characterized.

Two distinct methods were employed to position Spt7 fraction of complexes was labeled twice by the same
antibody (Figure 4B, upper right panel). These observa-within SAGA. First, the Spt7-CBP C-terminal fusion, the

form of Spt7 in SAGA in the purified preparations used tions indicate that there are two copies of Ada1 in SAGA
and that both reside proximal to the Taf subunits. Thefor these studies, was used to bind streptavidin-cou-

pled, biotinylated calmodulin in the presence of an ex- Ada1 subunits map in the domains in which the two
Taf12 subunits are predicted to be located based oncess of calcium chloride (see Experimental Procedures).

After incubation with this probe, 926 images of SAGA their arrangement in TFIID relative to other Tafs (Figure
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ada1� mutant, a SAGA subcomplex forms in which the
subunit content is drastically reduced (Wu and Winston,
2002). The mutant complex is most notably missing Tra1,
Spt3, Taf12, Sgf29, and Ada3 (Figure 4C). When ob-
served by electron microscopy, the purified particles
appear significantly smaller than the wild-type SAGA
particles, confirming that the integrity of the complex is
strongly affected by the absence of Ada1 (Figure 4D).
The analysis of 2478 molecular images revealed charac-
teristic views of the ada1� mutant (Figure 4E). The 3D
model derived from 63 different views shows that the
particle is composed of three distinct domains (Figure
4G). The 3D model was reprojected to illustrate the simi-
larity between the calculated model and the original
class averages (compare Figures 4E and 4F). The 3D
model of the ada1� particles was mapped onto the
model of the wild-type complex, using the positions of
the two Ada1 subunits determined above as boundaries.
The best fit between the two models indicates that the
ada1� mutant particle is centered on lobe III of SAGA
and occupies part of lobes II and IV (Figure 4H). This
positioning is consistent with our immunolocalization of
both Tra1 and Spt3, both of which are predicted to be
absent in the ada1� SAGA mutant, and this is confirmed
by the biochemical characterization.

Localization of Tra1 and Spt20
The largest subunit in SAGA, the 400 kDa Tra1 protein,
is a component of multiple histone acetyltransferase
complexes (Allard et al., 1999; Grant et al., 1998b, 1999;
Saleh et al., 1998). Previous studies have demonstrated
that it can interact directly with activators known to
require SAGA for regulating transcription (Bhaumik and
Green, 2004; Brown et al., 2001). Tra1 was mapped using
a strain in which it was myc-tagged at the N terminus
(Hall and Struhl, 2002). The analysis of 809 complexes
labeled with an anti-myc antibody showed, in two dis-
tinct views, that Tra1 was located within domain I (Table

Figure 3. Immunolabeling of the Taf Subunits Shared by SAGA 1 and Figure 5A). Because of the size of Tra1, it is unclear
and TFIID if the protein resides solely in domain I or extends further
(A) Mapping of the interaction sites of Taf6-specific antibodies on throughout the structure. The position of Spt20 was
a particular SAGA view. Two specific labeled sites are identified in mapped with a polyclonal antibody that bound preferen-
domains III (left panel) and II (right panel) on the average labeled

tially to domain IV, as shown in two distinct views (Figureviews.
5B). The localization of Spt20 to a site apart from the(B) Average image showing that the labeling by antibodies directed
focal center of the structure offers an explanation foragainst the N terminus of Taf5 is located in domain III of SAGA.

(C) Mapping of the Taf10-specific antibody binding sites at the outer the severe reduction, but not complete loss, of several
contour of a characteristic four-domain SAGA view. The left panels proteins in SAGA in an spt20� mutant (Wu and Winston,
show average images of SAGA molecules labeled in domain III (top) 2002). This is in contrast to the ada1� mutant described
or II (bottom), the central panels show the corresponding unlabeled

above, which lacks two centrally located Ada1 mole-view, and the right panels show the density difference map between
cules and retains a much smaller, partial complex.the labeled and the unlabeled views. The difference is contoured

at a 3� significance threshold and is overlaid to isodensity contours
of the unlabeled view. Mapping of SAGA Subunits that Regulate
(D) Schematic representation of the positions of Taf5, Taf6, and Transcription: Spt3 and Gcn5
Taf10 on the SAGA model (turquoise) or on the model of TFIID SAGA possesses a number of subunits that regulate
(orange, from Leurent et al., 2002) indicating that the spatial distribu-

different aspects of transcription. One catalytic activitytion of the common Tafs is comparable.
of SAGA is provided by the histone acetyltransferase(E) Orientation of TFIID (orange) and SAGA (turquoise) that maxi-

mizes the fit between the distribution of the common Tafs in both Gcn5. In addition, the Spt3 subunit has been shown by
complexes. The overlapping region is likely to contain the shared both genetic and biochemical methods to regulate TBP
substructure formed by the five shared Tafs. interactions with the promoter. Gcn5 and Spt3 have

been shown to regulate distinct sets of genes (Lee et
al., 2000; Roberts and Winston, 1997; Sterner et al.,6), which is consistent with the ability of Ada1 and Taf12

to form specific heterodimers. 1999). To understand the organization of these tran-
scriptional regulators in SAGA, we mapped their loca-Previous biochemical analysis showed that in an
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tions. The position of Spt3 in SAGA was determined
using HA-tagged Spt3 with an HA-specific antibody. The
analysis showed a specific antibody binding to domain
V in SAGA, indicating that Spt3 is located in this flexible
part of the molecule (Figure 5C). This position for the
Spt3 subunit in or near domain V identifies a potential
TBP interaction module in the structure of SAGA. The
histone acetyltranferase subunit Gcn5 was mapped us-
ing a Gcn5-specific antibody, and the analysis of 1676
labeled complexes showed, in two different views, that
the antibodies bound to domain III in SAGA (Figure 5D).
The Gcn5 subunit thus resides in the vicinity of the Taf
subcomplex. This position for Gcn5 is intriguing, as it
places the bromodomains in Spt7 and Gcn5, which inter-
act with acetylated lysine in histone tails, in close prox-
imity. It also separates the histone acetyltransferase ac-
tivity of SAGA from the functionally distinct Spt3 subunit
(Figure 5E).

Discussion

This study provides the first low-resolution 3D model of
the S. cerevisiae SAGA coactivator complex, maps the
positions of key subunits, and offers insight into the
functional organization of the complex. As depicted in
Figure 6, SAGA is arranged into five distinct domains
that appear to have specialized functions. The central
domains II, III, and IV contain the Taf subunits that are
shared with TFIID, and they are believed to play primarily
an architectural role. The SAGA-specific structural com-
ponents Spt7, Spt20, and Ada1 are also located within
these regions. Domains I and V are involved in transcrip-
tional regulatory functions as domain I consists mainly of
the Tra1 protein, required for interaction with activators,
and the flexible domain V contains the TBP-regulating
proteins Spt3. The histone acetyltransferase Gcn5 is
located in domain III. Overall, the organization of SAGA
components into structural modules reflects their dis-
tinct functional roles.

The purified SAGA preparations reproducibly contain
a large fraction of elongated particles that were shown
to disappear when a deletion mutation is introduced intoFigure 4. Mapping of the Histone Fold Domain-Containing Core
ADA1 and are therefore likely to represent the particlesComponents Spt7 and Ada1 and Analysis of the ada1� Mutant
related to the biological activity. Smaller particles were(A) Mapping of Spt7 by using either the CBP moiety fused to the C
also observed that most likely correspond to degrada-terminus of Spt7 and a streptavidin-coupled, biotinylated calmodu-

lin as probe (left panel) or a HA-specific antibody to label the tion products or to contaminants. In contrast to the
N-terminally HA-tagged Spt7 subunit (center panel). Both probes elongated particles, these complexes are heteroge-
bind to a single site in domain III (arrows in the 3D model in the neous in size and too small to contain all the known
right panel). SAGA subunits. It cannot be excluded that the SAGA
(B) Mapping of Ada1 with a subunit-specific polyclonal antibody.

preparation contains a minor subpopulation of Spt7-Two distinct SAGA views were analyzed (upper and lower panels,
containing complexes that were not further analyzed. Itrespectively) and specific labeled sites were identified on two sites

as shown by average images of SAGA molecules labeled in domains
II and III (left and central panels, respectively). The upper right panel
shows that a single antibody can label two sites. The lower right
panel show a surface representations of the 3D model of SAGA on (F) Reprojections of the calculated 3D model of the ada1� mutant
which the antibody binding sites are indicated by arrowheads. along the same directions of the experimental views shown in Figure
(C) Silver stain of SAGA purified from wild-type (FY2031) and ada1� 4E, illustrating the similarity with the original views.
(FY2035) strains. (G) Three-dimensional model of the ada1� mutant particles showing
(D) Electron micrograph of SAGA ada1� molecules adsorbed on a a three-lobed architecture.
carbon film and negatively stained with uranyl acetate. (H) Superposition of the 3D models obtained from the ada1� mutant
(E) Gallery of the most representative ada1� mutant views obtained particles (orange) and from the wild-type SAGA particles (turquoise)
upon averaging aligned images clustered into homogeneous that maximizes the fit between the two volumes and is consistent
classes. The stain-excluding protein densities are outlined by con- with the position of the Ada1 subunits as determined by immuno-
tours of equal density. The six views correspond to different orienta- electron microscopy. The bar represents 38 nm in (A) and (B), 112 nm
tions of the molecule. in (D), 29 nm in (E–G), and 6.8 nm in (H).
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Figure 6. Schematic Representation of the Localization of the SAGA
Subunits on the 3D Model of the Complex

The Taf subunits are represented in yellow and, except for Taf5,
their names were shortened to their identification number (e.g., 10
for Taf10). The extended shape of Taf5 and the positions of Taf9

Figure 5. Immunolabeling of Spt20 and Tra1, Two Core Compo- and Taf12 were inferred from previous results on TFIID (Leurent et
nents of the SAGA Complex, as well as Spt3 and Gcn5 within SAGA al., 2002, 2004), assuming that the position and subunit stoichiome-
(A) Mapping of the myc-tagged Tra1 subunit in a wild-type strain try of the Taf substructure is conserved. SAGA-specific histone fold
(L1065) with a myc-specific antibody. A specific labeled site was containing and architectural subunits are represented in purple,
identified in domain I in two distinct SAGA views (left and right whereas SAGA subunits involved in various aspects of transcrip-
panels). tional regulation are represented in orange.
(B) Mapping of Spt20 with a subunit-specific polyclonal antibody
on two distinct views of the SAGA complex.

et al., 1999b). Moreover, some of the subunits common(C) Mapping of the HA-tagged Spt3 subunit in a wild-type strain
(FY2267) with HA-specific antibody. Spt3 is located in or near the to both TFTC and SAGA, including Spt7, are not well
variable domain V in SAGA. conserved between humans and yeast (Martinez et al.,
(D) Mapping of the Gcn5 subunit with a Gcn5-specific antibody. 2001). Aside from these differences, the similarity in the
A specific labeled site was identified in domain III in two distinct

structures of TFTC and SAGA likely reflects a commonSAGA views.
mechanism for regulating transcription.(E) Schematic location of the labeled subunits within the 3D model

Insight into the core structure of SAGA was providedof SAGA.

by comparing the positions of the Taf subunits and their
interaction partners in SAGA and in TFIID. The mapping
of Taf5, Taf6, and Taf10 and subsequent alignment ofis unlikely that a particularly fragile subdomain system-

atically falls off the bona fide SAGA complex during the structures of TFIID and SAGA reveal a similar spatial
distribution of the Tafs. In Figure 6, we have noted thespecimen preparation, as was observed in some com-

plexes for domain V. In that situation both small and positions of the Tafs and extrapolated the distributions
of Taf9 and Taf12 from their location in TFIID (Leurentelongated particles should be observed with the same

frequency, which is not the case. et al., 2002). A similar extrapolation was made for Taf5
for which a 2-fold stoichiometry was determined in yeastThe structure of SAGA is strikingly similar to that of the

human TFTC complex. This conservation of structure is TFIID from electron microscopy and biochemical experi-
ments (Leurent et al., 2004; Sanders et al., 2002). Inconsistent with previous findings that the components

of the two complexes are conserved between S. cerevis- yTFIID, the N and C termini of Taf5 were found in different
lobes, but the two N termini were located in the sameiae and humans (Brand et al., 1999b; Martinez et al.,

1998, 2001; Ogryzko et al., 1998). Although these com- lobe and were not resolved by the mapping. The same
situation may exist in SAGA where a single labeled siteplexes share a central structure, there are differences

in the variable regions in SAGA and TFTC that may be was found with the antibody directed against the N ter-
minus of Taf5. Our data suggest the existence of a Tafattributed to the unique subunits in each complex. For

example, while TFTC contains PAF65�, Taf2, and Taf4, substructure that serves as a scaffold for SAGA assem-
bly. In TFIID, this substructure contains Taf heterodimerthose components are not conserved in SAGA (Brand
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pairs that have been shown to interact via their histone general transcription factors may uncover more subtle
fold domains, including Taf4-Taf12, Taf6-Taf9, and details that are relevant for SAGA function. In the case
Taf10-Taf3/Taf8 (Gangloff et al., 2000, 2001; Hoffmann of the CRSP coactivator, for instance, binding to an
et al., 1996; Xie et al., 1996). Some of these Tafs can activator or to the C-terminal domain of RNA polymerase
also interact with SAGA components, forming Taf10- II causes distinct conformational changes (Naar et al.,
Spt7 and Taf12-Ada1 heterodimers. Our data support 2002; Taatjes et al., 2002). These interaction-induced
these associations since the HFD-containing subunits changes may be important for activating specific target
Ada1 and Spt7 are positioned in close proximity to their genes. Further structural analysis of SAGA bound to a
Taf partners where they could form a SAGA-specific chromatin array would reveal a more accurate view of
interface with the Tafs. One uncertainty in our analysis the contacts between SAGA and the promoter and pro-
of SAGA is the stoichiometry of Taf10. Taf10 was clearly vide additional details for its mechanism of function.
located at two distinct places in TFIID, a result confirmed
by coimmunoprecipitation experiments and by the quanti- Experimental Procedures
tation of SDS-PAGE bands (Leurent et al., 2004; Sanders

S. cerevisiae Strains, Cell Transformation, and S. cerevisiaeet al., 2002). We failed to demonstrate that in SAGA
SAGA PurificationTaf10 was also present in two distinct locations because
The following S. cerevisiae strains, all descended from a GAL2�

the preferential view obtained in the immunolabeling
derivative of S288C (Winston et al., 1995), were used in this study:

experiments showed an internal symmetry. Moreover, FY2031 (MATa HA-SPT7-TAP::TRP1 ura3�0 leu2�1 trp1�63 his4-
immunoprecipitation experiments did not show a strong 917� lys2-173R2); FY2035 (MATa HA-SPT7-TAP::TRP1 ura3�0
coprecipitation of Taf10 and its tagged version (data leu2�1 trp1�63 his3�200 ada1�::HIS3 lys2-173R2 his4-917�);

FY2267 (MATa SPT7-TAP::TRP1 HA-SPT3 ura3�0 leu2�0 his4-917�not shown), and the location of its heterodimerization
lys2-173R2), and L1065 (MATa SPT7-TAP::TRP1 trp1�63 lys2-partner Spt7 also showed a single location in SAGA.
173R2 MYC-TRA1 leu2�0 ura3�0). The ada1� allele used, as wellThus, we cannot rule out the possibility that the stoichi-
as HA-SPT3, HA-SPT7-TAP, and TRA1-MYC, have been describedometry of Taf10 may be different in SAGA than in TFIID.
previously (Hall and Struhl, 2002; Larschan and Winston, 2001;

The positions of SAGA components that are involved Sterner et al., 1999; Wu and Winston, 2002). Standard methods for
in transcriptional regulation, Spt3, Gcn5, and Tra1, sug- mating, sporulation, transformations, and tetrad analysis were used,
gest a modular organization that reflects their distinct and all media were prepared as described (Rose et al., 1990).

The protocol used to purify SAGA containing TAP-tagged Spt7regulatory activities. Strikingly, each of these three func-
has been described (Wu and Winston, 2002) except for the calmodu-tions is located in a distinct domain. Several studies
lin-binding and elution buffers that contained only 0.02% NP-40.have suggested that Spt3 plays related roles in tran-
SAGA fractions were concentrated using Centricon-10 columns to

scription initiation by regulating the TBP-TATA interac- 40 �l for each purification from 2 liters of yeast grown to �2 � 107

tion (Barbaric et al., 2003; Belotserkovskaya et al., 2000; cells/ml. Silver staining was performed according to the protocol
Bhaumik and Green, 2001; Eisenmann et al., 1992; from the Yeast Resource Center at the University of Washington

(http://depts.washington.edu/yeastrc/ms_silver.htm).Larschan and Winston, 2001; Yu et al., 2003). Our results
show that Spt3 forms a part of domain V, potentially
constituting a TBP regulatory module in SAGA. The his- Electron Microscopy and Image Processing

The purified SAGA fractions were diluted to a concentration of 20tone acetyltransferase activity provided by Gcn5 is lo-
�g/ml in 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 20% glycerol.cated in domain III, spatially segregated from Spt3. Do-
10 �l of this preparation was placed on a 10 nm thick carbon filmmain III may also contain Ada2 and Ada3, both of which
previously treated by a glow discharge in air. After 2 min of adsorp-have been shown to be required for the specific nucleo-
tion, the grid was negatively stained with a 2% (w/v) uranyl acetate

somal HAT activity of Gcn5 (Balasubramanian et al., solution. The images were formed on a Philips CM120 Transmission
2001; Sterner et al., 2002). In addition, the localization Electron Microscope operating at 100 kV with a LaB6 filament. Areas
of Spt7 and Gcn5 to adjacent positions places two bro- covered with individual molecules were recorded at a magnification

of 35,000� on a Pelletier cooled slow scan CCD camera (Model 794,modomain motifs in close proximity, allowing for multi-
Gatan, Pleasanton). The image processing was performed using theple interactions with histone tails. The positions of these
IMAGIC software package (van Heel et al. (1996) (Image Sciencecomponents could point to a chromatin-interacting
Software, Berlin, Germany). The images of negatively stained SAGAmodule in SAGA that associates with and modifies molecules were floated, normalized, band-pass filtered, and cen-

nucleosomes. Interestingly, the size of the large cleft tered onto a rotationally averaged summation of all images. The
formed by lobes I, II, and III exactly accommodates the images were then analyzed by using multivariate statistical methods
dimensions of a 10 � 4.5 nm, disk-shaped nucleosome and hierarchic ascendant classification to identify characteristic mo-

lecular views to be used as alignment references. The 3D model of(see Supplemental Data at http://www.molecule.org/
TFTC was not used as alignment reference to avoid any bias duringcgi/content/full/15/2/199/DC1). This would place the
this step. After three alignment/classification cycles the image parti-Gcn5 subunit in the appropriate position to modify his-
tion was stable and the angular assignment of the class averages

tones. was performed using the angular reconstitution method (van Heel,
Our results offer a description of the molecular archi- 1988). At this stage the 3D model of human TFTC (Brand et al.,

tecture of the SAGA complex and suggest a direction 1999a) was used to determine the viewing directions of the class
for future studies. The core of SAGA, containing the Taf averages by sinogram correlation functions. The class averages

were combined by back projection methods, and projections ofsubstructure, is surrounded by three domains responsi-
the resulting 3D model were used as references for two additionalble for distinct functions: activator binding, histone acet-
alignment/classification steps. The resolution of the final recon-ylation, and TBP regulation. This structural organization
struction was estimated from the Fourier shell correlation function

illustrates an underlying principle of modularity that may obtained by comparing two independent reconstructions, generated
be extended to our understanding of other multifunc- by splitting randomly the data set in half, according to the 0.5 cut-
tional transcription complexes. Additional structural data off in the Fourier shell correlation curve (0.5 FSC criterion) and the

intersection point of the 3� curve with the FSC curve (3� criterion)examining the interactions of SAGA with activators or
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(van Heel, 1987). Docking and color figures were performed by using Barbaric, S., Reinke, H., and Horz, W. (2003). Multiple mechanisti-
cally distinct functions of SAGA at the PHO5 promoter. Mol. Cell.the program Dino (Dino: Visualizing Structural Biology, http://cobra.

mih.unibas.ch/dino) Biol. 23, 3468–3476.
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