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ABSTRACT 

In Eukaryotes transcription of protein encoding genes is initiated by the controlled deposition 

of the TATA-box binding protein TBP onto gene promoters, followed by the ordered assembly 

of a preinitiation complex. The SAGA co-activator is a 19-subunit complex that stimulates 

transcription by the action of two chromatin-modifying enzymatic modules, a transcription 

activator binding module, and by delivering TBP. Recent cryo electron microscopy structures 

of yeast SAGA with bound nucleosome or TBP reveal the architecture of the different 

functional domains of the co-activator. An octamer of histone-fold domains is found at the core 

of SAGA. This octamer, which deviates considerably from the symmetrical analogue forming 

the nucleosome, establishes a peripheral site for TBP binding where steric hindrance 

represses interaction with spurious DNA. The structures point to a mechanism for TBP delivery 

and release from SAGA that requires TFIIA and whose efficiency correlates with the affinity of 

DNA to TBP. These results provide a structural basis for understanding specific TBP delivery 

onto gene promoters and the role played by SAGA in regulating gene expression. The 

properties of the TBP-delivery machine harbored by SAGA are compared with the TBP loading 

device present in the TFIID complex and show multiple similitudes. 

 
INTRODUCTION 
The TATA-box Binding Protein (TBP) is universally required for the synthesis of RNA 

molecules encoded by eukaryotic genes [1]. The interaction of TBP with the gene promoter 

initiates the ordered assembly of a transcription Pre-Initiation Complex (PIC) that positions the 

RNA polymerase enzyme over the transcription start site (TSS). For protein encoding genes, 

seven General Transcription Factors (GTF) compose the PIC together with RNA polymerase 

II (Pol II) [2]. Regulated TBP delivery, turnover and dissociation from gene promoters are key 

steps that modulate PIC assembly and gene expression. To adapt mRNA synthesis levels to 

stress or environmental cues, sequence-dependent activator proteins bind upstream of the 



core promoter and recruit multi-functional co-activator complexes. Co-activators modify the 

structure of chromatin, act as bridging or stabilizing factors with GTFs, and help depositing 

TBP on gene promoters. 

Specific TBP-containing complexes initiate transcription for each class of RNA polymerases 

[3], inhibit transcription [4], or dissociate TBP from the promoter [5]. The TFIID and SAGA co-

activators facilitate Pol II transcription by loading TBP onto gene promoters [6, 7]. TBP is 

embedded in the TFIID complex, together with 14 TBP Associated Factors (TAFs), but is 

unable to bind its target TATA-box and to initiate transcription [8]. These activities are restored 

by the action of the general transcription factor TFIIA. This auto-inhibition mechanism was 

attributed to the N-terminal TAND regions of the Taf1 subunit which interact with the DNA 

binding cleft of TBP (TAND1) and its TFIIA interaction site (TAND2) [9]. TFIIA and promoter 

DNA compete for these sites to relieve the promoter-binding inhibition. Genetic screens, 

biochemical analysis and genome-wide transcription assays showed that the SAGA (Spt-Ada-

Gcn5-Acetyltransferase) complex also binds TBP [10-12]. SAGA is recruited to gene 

promoters by activators and facilitates the binding of TBP to the promoter. Initially described 

as influencing a subset of stress-responsive gene [13], SAGA was recently shown to act 

positively on the transcriptional outcome of most yeast genes [12].  

Progresses in single particle electron cryogenic microscopy (cryo-EM) allowed important 

progresses in elucidating the structure of SAGA. The aim of this review is to summarize the 

recent cryo-EM studies of S cerevisiae SAGA in the presence of a nucleosome [14] and of P. 

pastoris SAGA bound to TBP [15] that revealed the molecular organization of SAGA at high 

resolution. The structural data enabled us to revise the functional properties of SAGA and to 

compare the molecular organization with its closest cousins, the yeast [16] and Human [17] 

TFIID complexes.  

 

General organization of SAGA 

The purification and subunit composition of the yeast SAGA complex made the connection 

between several transcription related functions, revealed by two independent genetic screens. 

The analysis of suppressors of promoter mutations caused by the insertion of yeast 

transposable elements identified the Spt proteins [18], and a screen for factors that interact 

functionally with the yeast Gcn4 or the herpes virus VP16 transcription activators revealed the 

Ada proteins [19]. The Gcn5 Histone Acetyl Transferase (HAT) activity, adaptor proteins 

involved in transcription activation and bridging factors with the general transcription factor 

TBP, all belonging to the Ada or Spt family, were found united in the same molecular complex 

[20]. The interaction network between the 19 subunits that compose the ~1.6 MDa SAGA 

coactivator supported a modular organization into independent structural and functional 

entities [21, 22]. SAGA harbors two enzymatic activities that can be detached from the core 



complex without affecting the remaining subunit interactions and that can be expressed 

separately as active entities [23, 24] (Fig.1A). The ubiquitin protease Ubp8 assembles into a 

deubiquitination (DUB) module with Sus1, Sgf73 and Sgf11 to remove ubiquitin from histone 

H2B modified on lysine 120. The crystal structure of the DUB module composed of the first 96 

residues of Sfg73 together with its three partners showed a compact intertwined organization 

[25, 26]. A lysine acetyl transferase activity to modify nucleosomal histone tails is carried by 

the Gcn5 subunit which forms a stable HAT module with Ada2, Ada3 and Sgf29. Despite 

intense efforts the HAT module was refractory to crystallization and the crystal structures of an 

Ada2-Gcn5 module suggest that it likely adopts multiple conformations [27]. The large 400 kDa 

Tra1 subunit, involved in activator binding, links SAGA’s activities with cellular signaling 

pathways. It forms a module by itself [28] and a mutation in Spt20 was shown to detach Tra1 

from the other SAGA subunits [29]. A dedicated module responsible for TBP interaction 

contains members of Spt family; Spt3 and Spt8 were described as direct TBP interactors [10, 

30] while Spt7 and Spt20 were found to play major architectural roles [31]. Finally, a set of 5 

TAFs are shared with TFIID and were originally attributed a role in maintaining SAGA’s 

architecture (Fig.1A) [32]. Four TAFs (Taf6, Taf9, Taf10 and Taf12) contain a sequence motif 

homologous to nucleosomal core histones which promotes specific heterodimer formation [33-

35]. The Taf6-Taf9 heterodimer of histone folds (HF) is found in TFIID but Taf12 and Taf10 

have different partners in SAGA and pair with Ada1 and Spt7, respectively. The Spt3 subunit 

harbours two HFs that can form an intramolecular HF dimer (Fig.2A). The Taf5 subunit 

contains WD40 repeats, which adopt a beta propeller fold and interact with the Taf6-Taf9 

heterodimer [36], as well as an evolutionary conserved N-terminal domain [37]. 

The structural description of the full SAGA complex first relied on low resolution electron 

microscopy models derived from negatively stained particles [38] which evidenced a two-lobed 

organization. Studies combining antibody labelling and analysis of tagged or mutated 

complexes mapped key subunits [39-41]. The first cryo-EM study taking full advantage of 

improvements in direct electron detectors uncovered the Tra1 subunit at 5.7 Å resolution as it 

fully occupies one lobe of the complex while the main lobe containing all other subunits was 

blurred [28]. The structure of Tra1 is virtually identical in isolation indicating that the molecular 

determinants of its intricate folding pattern are independent of the other SAGA subunits [42]. 

In our hands, purification of intact SAGA was a key factor to reach higher resolution. Not only 

is SAGA a scarce regulatory complex, probably 10-50 times less abundant than RNA 

polymerase II, but some of its subunits are prone to proteolysis. As an example, the cleavage 

of Spt7 by the Pep4 protease leading to the detachment of Spt8 and the generation of the 

SAGA like (SLIK) complex, produces structural and conformational heterogeneity [43, 44]. Zinc 

ions stabilize the UBP zinc finger fold present in Ubp8 which renders the DUB module sensitive 



to chelating molecules. In addition, several reports mentioned the possible detachment of the 

DUB module from SAGA [45].  

The recent cryo-EM studies showed that the main lobe, is organized around a central module 

which contains Spt20, Taf5 and the seven HF-containing subunits (Fig.1B). The two enzymatic 

DUB and HAT modules are anchored onto the central module and explore a large 

conformational space.  

 

Tra1, a PI3K-like kinase shared with NuA4. 
The Tra1 subunit is a major target of acidic transcription activators such as Gal4, VP16 or 

Gcn4 and contributes to the recruitment of SAGA to gene promoters [46-50]. Tra1 is a member 

of the Phosphatidyl 3 kinase - related kinase (PIKK) family organized into three major protein 

domains: HEAT, FAT and Kinase (Fig.1A). The ~300 kDa N-terminal part of Tra1 is composed 

of HEAT repeats arranged into a solenoid that folds into an elaborate higher order architecture 

(Fig.1C). The N-terminal 250 residues form a protruding tail followed by a linear central 

solenoid overlaid by a ring-shaped solenoid that altogether adopt a cradle shape when viewed 

from the side. This architecture is stabilized by a network of interactions between the central 

and ring solenoids in the region where they cross each other. The FAT module encircles the 

kinase domain which is not functional in Tra1 as a result of a mutated active site [46].  

Tra1 is coupled to the central module by three bridges involving Spt20, Taf12 and Spt3. The 

largest interface is established by the central part of Spt20 that associates with the Tra1 FAT 

domain through two helices. The deletion of this Spt20 Head Interacting with Tra1 (HIT) domain 

prevents the stable association of Tra1 to SAGA [29]. A second connection is formed by a long 

loop placed before the Taf12 HF domain which creates a thread at the surface of the FAT 

domain. A third bridge is created by the loop connecting the second and third helices of the C-

terminal HF of Spt3 that inserts between two HEAT repeats of the Tra1 ring solenoid. 

The complex folding of the HEAT solenoid of Tra1 and its connections with the main lobe still 

hold many open questions. Tra1 communicates with distal parts of SAGA as demonstrated by 

mutations that diminish the HAT activity or affect the stable association of the HAT module [50, 

51]. These findings highlight still to be disclosed allosteric mechanisms that control 

communication across the whole structure. Comparing the structural organization of three 

PIKK proteins TOR, Tra1 and DNA-PK revealed a highly conserved sequence motif that 

organizes and connects different stretches of HEAT repeats. The structural similarity is 

particularly striking between yeast Tra1 and the human DNA-PK for which the overall 

architecture, the shape and size of the HEAT domain, as well as the positions of the FAT and 

kinase domains are almost identical. Phylogenetic analysis of PIKKs further supports the 

structural similarity between Tra1/TRRAP and DNA-PKcs, and confirms that they are the most 

closely related PIKKs [52]. Tra1 is also part of the essential NuA4 co-activator involved in 



regulated gene expression but also in DNA repair. The finding that a massive structural 

element composed of multiple HEAT-like repeats is present in molecular complexes with 

critically distinct nuclear functions questions the role of these giant solenoid structures with 

respect to the organization of the nucleus into functional micro-domains.  

 

Highly flexible enzymatic modules 
The DUB and HAT modules are firmly anchored onto the main lobe through specific 

attachment sites but preserve a high degree of freedom to explore a large conformational 

space in search of their chromatin substrates (Fig.1B). The two enzymatic modules adopt 

different strategies to remain bound to SAGA while maintaining their freedom of movement. 

The independent and functional DUB module is a stably folded structure [25, 26] that gains 

independence through an unstructured 164 residue-long linker which forms little contact with 

SAGA surface. The DUB module behaves like an independent entity and its structure is not 

modified upon binding to the modified nucleosome ligand [14, 53]. Nucleosome binding may 

result in even more flexible enzymatic modules [14]. The central part of Sgf73 forms the 

anchoring domain which docks into an interface composed exclusively of SAGA-specific 

elements, with no contribution from subunits shared with TFIID. The action of the proteasome 

regulatory particle and a specific interaction between the proteasomal ATPase, Rpt2 and Sgf73 is 

required to detach the DUB module from the SAGA complex [45]. The structures show that the anchoring 

domain is surrounded by Ada1 loops and by a Spt20 domain making it very difficult to detach the DUB 

module without major structural rearrangements.  

In contrast to the DUB, the HAT module appears flexible by itself [27], with several sub-

modules as well as a large proportion of intrinsically unfolded sequences. The HAT module is 

not deeply embedded within SAGA core, but is inserted through two helical domains, at the 

surface of the Taf6 HEAT repeats. This interface is used for homo-dimerization in TFIID and 

only the unique organization of Taf6 HEAT and Taf5 N-Terminal Domain (NTD) found in SAGA 

creates the specific binding site for Ada3 (see below). 

 
Histone fold assemblies in SAGA and TFIID 
A sequence motif homologous to the histone fold is present in several subunits of the TFIID 

and SAGA complexes [34]. Five heterodimers can be formed in vitro from HF domains present 

in nine TFIID subunits (Taf4-12, Taf6-9, Taf11-13 and Taf10 having two partners Taf8 and 

Taf3) [34]. In SAGA, seven subunits assemble into four HF heterodimers namely Taf6-9, 

Taf10-Spt7, Taf12-Ada1 and Spt3 which contains two HF domains forming an intramolecular 

dimer (Fig.2A). The assembly of higher ordered structures from several HF heterodimers was 

suggested at their discovery [33], but their exact composition remained debated. An octamer 

containing two copies of the Taf6-9 and Taf4-12 heterodimers was reported [54]. This 



hypothesis was attractive since these subunits were found to be present as two copies in TFIID 

[8] and also because the two-fold symmetry of the histone octamer would have been 

preserved. The cryo-EM structures of SAGA and TFIID confirmed the presence of higher 

ordered HF structures held together by four-helix bundle interactions between adjacent HF 

pairs as they are employed by nucleosomal histones. SAGA accommodates a non-symmetric 

octamer including the seven HF proteins (Fig.2A). The three-lobed human [17] and yeast [16] 

TFIID structures contain both an octamer and a hexamer of HF proteins located in two distinct 

lobes. The flexibility of TFIID limits the currently attainable resolution and the identification of 

the proteins forming each HF assembly relies on an integrative approach including cross-

linking experiments. The octamer present in the yeast Taf1-lobe, closely related to the human 

lobe A, is most likely composed of the Taf4-12, Taf6-9, Taf10-3 and Taf11-13 pairs. The 

hexameric structure, located in the yeast Twin lobe, also named lobe B in humans, is formed 

by the Taf4-12, Taf6-9 and Taf10-8 HF pairs (Fig.2A). A similar hexameric HF organization 

has been proposed in archaea where the small histone like HMfB proteins interact with DNA 

and form a continuous superhelical arrangement of (HMfB)2 homodimers [55]. The presence 

of a hexamer in the Twin lobe questions the mechanism that prevents the accretion of the last 

heterodimer. Taf8 could play an essential role in this process during complex assembly as 

revealed by sub-complex production [56, 57]. We proposed that the addition of the Taf8-10 

heterodimer introduces asymmetry into the two-fold symmetric 5 TAF subcomplex containing 

Taf5, Taf6-9 and Taf4-12, and controls the differentiation of the Twin- and Taf1-lobes within 

TFIID. 

The HF-proteins found in SAGA and TFIID do not interact with DNA since the amino acid side 

chains that mediate contacts between nucleosomal histones and DNA are not conserved [58]. 

The N-terminal part of Taf4 is an exception to this rule and harbours non-sequence specific 

DNA binding activities [59]. The Taf4-12 pair accommodated in the Twin lobe, in addition to 

Taf2 located in the Taf2 lobe, provide TFIID with unique promoter binding properties that are 

absent in SAGA. The structure of promoter-bound human TFIID revealed in addition a strong 

TAF1 binding interface with the downstream core promoter DNA, next to the TAF2 interaction 

site [60].  

 

TAF5 controls the higher order assembly of histone fold domains 
In all three instances of HF structures found in TFIID and SAGA, a common foundation 

organizes their higher ordered assembly. The Taf9 subunit contacts the side of the seven blade 

WD40 repeat of Taf5 by a helix adjacent to the HF and Taf6 associates with the centre of the 

β-propeller as was revealed by a crystal structure of the TAF5-TAF6-TAF9 subcomplex [36]. 

Successive HF pairs in the helical assembly that leads to hexamers or tetramers are held 

together by four-helix bundles composed of helices α2 and α3 of one histone fold from each 



pair. The second pair always contains Taf12, which forms a four-helix bundle with Taf9, and 

its Taf4 partner is preserved in both the hexameric and octameric arrangements of TFIID. 

Interestingly, in all three HF assemblies Taf10 is always placed in the third HF pair, and was 

shown to contact Taf9 outside of a four-helix bundle in the high resolution SAGA structures 

[14, 15]. The Taf10 position, and its specific dimerization partner, appear strategic to control 

the incorporation of the last HF pair dedicated to TBP binding. In SAGA, Spt3 is incorporated 

when Taf10 pairs with Spt7, in TFIID, Taf11-13 is recruited when Taf10 dimerises with Taf3, 

and no further HF pair in added when Taf10 interacts with Taf8.  

The nucleosomal histone octamer assembly proceeds from the internal H3-H4 tetramer and 

incorporates two outer H2A-H2B dimers. In SAGA and TFIID, the interaction of the Taf5 WD40 

domain with the Taf6-9 heterodimer largely controls the assembly of the spiral of HF 

heterodimers. In the yeast complexes, the Taf6 HEAT repeats and its relative position to the 

Taf5-NTD correlates with the incorporation of one (SAGA) or two (TFIID) HF assemblies 

(Fig.2B, C). Yeast TFIID contains two Taf5 and Taf6 copies, held together by homo-dimerization 

of Taf5-NTDs and Taf6 HEAT repeats, thus exposing two Taf5 WD40 propellers for HF 

assembly [16]. TAF5-NTD dimerization was not observed in human TFIID and may reflect a 

weaker interaction interface in metazoan than in yeast cells [17]. Compared to TFIID, the Taf5-

NTD in SAGA makes almost a 180 degrees turn around the WD40 domain and is placed next 

to the Taf6 HEAT repeats, thus preventing Taf5-Taf5 and Taf6-Taf6 homodimerization. As a 

consequence only one Taf5 WD40 domain is exposed resulting in the incorporation of a single 

octamer into SAGA. It is currently unclear whether the relative orientation of these domains, 

and therefore the assembly of SAGA versus TFIID is regulated, or whether they result from 

stochastic events during the assembly process. Interestingly the comparative analysis of post-

translational modifications between TFIID and SAGA subunits revealed a SAGA-specific 

phosphorylation in a Taf5 loop next to the WD40 repeats which may play a role in orienting the 

Taf5 and Taf6 domains or preventing their homodimerization [61]. Alternatively, the binding 

interface of Ada3 with the Taf6 HEAT domain overlaps with the homodimerization interface, 

and the incorporation of the HAT module may drive the assembly of SAGA versus TFIID.  

 
The TAF5 connection hub 
The Taf5 WD40 domain is a centrally located master hub that orchestrates the architecture of 

the entire main lobe. It not only controls the assembly of the octameric HF assembly through 

contacts with the Taf6-9 heterodimer, but further mediates multiple protein-protein interactions 

by contacting at least 11 different protein domains. As a striking example, Taf6 residues add 

a beta-strand to the last blade of the Taf5 WD40 propeller forming an inter-protein beta sheet. 

Histone fold-containing subunits located at a distance from Taf5, such as Spt7, Taf10 or Ada1, 

make specific contacts with the Taf5 WD40 domain through protein sequences predicted as 



unstructured, which become exquisitely ordered and well resolved structural elements upon 

interaction. This dense network of interactions places Taf5 in a strategic position to influence 

the fate of TFIID or SAGA assembly, to bring together subunits required for SAGA assembly, 

but also to orchestrate informational flow between the multiple SAGA functions. 

 

The TBP interaction module and the mechanism that prevents TBP from binding to 
DNA. 
The histone-fold octamer is not a mere protein-protein interaction interface designed for 

architectural purposes as originally thought, it is the core of the molecular machine that 

interacts with, and loads TBP onto gene promoters in a highly regulated manner. Purified 

SAGA is generally not associated with TBP, but a stable complex can be reconstituted from 

purified SAGA and TBP [15]. The cryo-EM structure of this complex disclosed the molecular 

details of the interaction of TBP with Spt3, which is the main component that drives the 

interaction and orients the DNA binding groove of TBP (Fig.3A). Spt3 interacts primarily with 

the C-terminal stirrup of TBP, which is almost completely buried, and contacts a large pocket 

formed by helices αN and α2 from the C-terminal Spt3 HF and by helix αC that is joined to the 

N-terminal Spt3 HF. The interaction of the C-terminal half of TBP with Spt3 is consistent with 

previous biochemical and genetic data [30, 62]. 

In contrast to Spt3, which is incorporated into the stable histone fold octamer, Spt8 is flexibly 

tethered to the tips of two long Spt7 helices extending at each end of the histone fold. The 

connection with Spt8 appears as a fuzzy density corresponding to a 30 residue long 

unstructured region in the C-terminus of Spt7 whose deletion results in loss of Spt8 [43, 44]. 

The flexible connection of Spt8 to the N-terminal half of TBP is likely to play a secondary role 

in positioning TBP or in competing with other TBP-associated proteins consistent with the 

observation that Spt3 deletion mutants showed a sharp drop in transcription while impairment 

of Spt8 produced little effect [12]. In the absence of TBP, Spt8 is flexible and was detected in 

a slightly different position suggesting a reorganization of Spt8 upon TBP binding to Spt3 [14]. 

TBP is held in a configuration that impairs binding to promoter DNA. Spt3 prevents the C-

terminal stirrup of TBP from interacting with TFIIB while Spt8 interferes with TFIIA binding to 

the N-terminal stirrup. TBP is ready to bind DNA since the space between its DNA binding 

cleft and SAGA’s main lobe is wide enough to accommodate a double-stranded DNA and 

since the cleft is not occupied by any well-folded protein density. Gel-shift and pull-down 

assays show that in these conditions TBP cannot bind to DNA, even containing a consensus 

TATA box. The structure shows that the path of DNA clashes with several Tra1 HEAT repeats 

and with parts of Spt3, in particular helix αC rigidly bound to the N-terminal HF and protruding 

to the DNA-binding cavity of TBP, all located at a distance from the TBP DNA binding cleft. 

Steric hindrance provoked by distal structural elements is therefore the major mechanism that 



prevents TBP from binding to DNA within the SAGA complex. 

 

Mode of TBP release and loading onto promoters 
The general transcription factor TFIIA plays a crucial role in unlocking TBP and releasing DNA 

binding inhibition. When the SAGA-TBP complex is incubated with a TATA-box containing DNA 

together with TFIIA, TBP is able to access DNA and is detached from SAGA as a ternary DNA-

TBP-TFIIA complex [15]. The release of TBP from SAGA enables subsequent PIC assembly 

by liberating the TBP C-terminal stirrup for TFIIB interaction. Interestingly, TBP release from 

SAGA correlates with the affinity of TBP for its DNA substrate. Indeed, TBP binds to DNA less 

efficiently, but still detaches from SAGA, when the TATA element is degraded by two 

mismatches, whereas no TBP release is observed when the DNA does not contain any TATA 

or TATA-like elements.  

The exact mechanism for the TFIIA-stimulated concerted DNA binding and TBP release from 

SAGA is not known but must include conformational changes that are built-in the octameric 

HF structure. TFIIA is likely to first displace Spt8 from TBP, but then needs to modify the 

orientation of TBP to place its DNA binding cleft in a favourable position to promote initial 

binding of DNA. Most importantly, shifting of the Spt3 helix αC that obstructs the path of DNA 

is critically required. The extremity of helix αC, close to TBP’s DNA binding cleft, and its 

preceding helix α3 are poorly resolved in the cryo-EM map suggesting that they are flexible to 

facilitate the infiltration of DNA. Interestingly, Spt3 in isolation does not interact with TBP in 

solution and only the conformation adopted within SAGA allows TBP binding [11]. It is therefore 

tempting to speculate that TFIIA binding or DNA infiltration switches the conformation of Spt3 

towards the one found in isolation and would therefore favour the full release of TBP from 

SAGA. Since helix αC is firmly joined to helix α3 in the N-terminal Spt3 HF, this crucial step 

requires a movement of the whole Spt3 intramolecular HF dimer which is feasible only because 

the octamer is not as perfectly symmetric as in nucleosomes, but is being deformed as the HF 

spiral progresses towards its Spt3 end. Close inspection of the octamer shows that while all 

other HF pairs are oriented as in the nucleosome, the Spt3 pair is tilted by 20 degrees and is 

not immobilized by a tight four-helix bundle. This 20° tilt, shears the four-helix bundle and 

nearly frees Spt3 from its association with the HF octamer thus providing sufficient degrees of 

freedom to reorient TBP. It is noteworthy that, probably to secure incorporation of the weakened 

Spt3 into SAGA, the C-terminal tail of Spt3 inserts into the octamer center, a void volume in the 

nucleosome, and bonds with all other histone folds in SAGA. The deformed SAGA octamer 

appears to be geared specifically towards a delicate balance between a rigid Spt3 firmly 

embedded into the octamer and an excessively flexible Spt3 unable to position TBP.  

 



A shared TBP interaction and release mechanism between SAGA and TFIID.  
SAGA and TFIID contain a conserved TBP-binding machine constituted by a HF octamer, 

TBP interaction partners with high sequence similarity [35], and a DNA-binding autoinhibition 

mechanism that is released by TFIIA. Altogether these properties suggest that the mechanism 

of TBP binding and loading onto the promoter are comparable in both complexes. Currently,  

cryo-EM resolution in the yeast Taf1-lobe and the human lobe A is not sufficient to determine 

to what extend the TBP interaction mode is similar in promoter unbound TFIID and in SAGA 

(Fig.3A and B). A model derived from the analysis of a ternary human TAF11-TAF13-TBP 

complex combining TAF11-13 crystal coordinates, SAXS data, biochemical analyses and 

cross-linking mass-spectrometry data, identified a conserved C-terminal TBP-interaction 

domain in TAF13 [63], corresponding to the αC helix of Spt3. This study also suggested that 

TAF11-13 interacts with the DNA binding surface of TBP arguing for a significantly different 

TBP binding mode in TFIID as compared to SAGA. Since the whole HF octamer is required 

for productive interaction of TBP with Spt3, it is possible that TBP binds differently to isolated 

TAF11-13 than to full TFIID, and the crystal structure may have trapped a TBP release 

intermediate rather than the TFIID-bound state.  

The low TBP occupancy in purified SAGA preparations points to further differences in TBP 

binding to TFIID vs SAGA, and argues for a weaker interaction of TBP with Spt3 than with 

Taf11-13, which may provoke the dissociation of TBP from SAGA during purification. This 

hypothesis is supported by a yeast strain expressing a mutant Spt3 that binds stronger to TBP 

[10], since SAGA purified from this strain contains a higher TBP stoichiometry. However, a 

reconstituted SAGA-TBP complex is very stable and withstands chromatographic purification 

or pull-down assays [15], suggesting that the low TBP content in purified SAGA may arise 

from alternative mechanisms. The dynamics of TBP deposition and TBP turnover on specific 

classes of Pol II promoters affects the fraction of time TBP interacts with either TFIID or SAGA. 

In this respect, the highest TBP turnover, as measured by differential chromatin 

immunopurification experiments, was found on TATA-containing promoters bound by SAGA 

[64]. High TBP turnover also correlates with Mot1-dependent promoters which opens the 

possibility that additional factors modulate TBP occupancy on SAGA. Finally, the distance 

between the coactivator binding site and the TSS may influence the amount of TBP bound to 

TFIID or SAGA. In yeast, SAGA is mainly found on Upstream Activating Sequences (UAS) 

placed 200 to 300 bp upstream of the TSS. Therefore SAGA is likely to move away once TBP 

is loaded on the promoter (Fig.3C). In contrast TFIID interacts upstream and downstream of 

the TSS and is likely to remain close to the promoter bound TBP (Fig.3D). 

SAGA and TFIID employ similar mechanisms, with minor adjustments, to prevent TBP from 

binding to spurious DNA. Steric hindrance, brought about by the position and orientation of 

TBP within the molecular complex, is the mechanism prevailing in SAGA. The compact 



conformation of yeast TFIID, achieved by Taf5-NTD dimerization, is likely to play a similar role 

in hiding TBP’s DNA binding cleft. With its more open conformation this effect is reduced in 

human TFIID. Alternatively, the TAF1 TAND domain [65] and the TAF11-13 HF pair [63] have 

been shown to inhibit TBP from binding to DNA and may play a role in TATA-box mimicry 

and/or in DNA binding cleft obstruction. High resolution structures of yeast Taf1-lobe or human 

Lobe A need to confirm that these effects, demonstrated on partial complexes, also operate 

in the context of the full co-activators. In SAGA, the DNA binding cleft of TBP is not occupied 

by a folded protein domain mimicking the structure of DNA, but it cannot be excluded that the 

unfolded helix αC end of the N-terminal Spt3 HF, which protrudes towards the DNA-binding 

cavity of TBP, can interfere with TBP binding to DNA. 

Finally, both SAGA-TBP and TFIID require TFIIA to unlock TBP and load it onto the promoter, 

thus indicating that a similar mechanism is used. The combined action of TFIIA and promoter 

sequences results in the dissociation of a TBP-TFIIA-DNA complex from SAGA. Human TFIID 

was shown to undergo a series of rearrangements resulting in a fully engaged state in which 

a TFIIA-TBP-DNA structure is tethered to TFIID by interactions of TFIIA with TAF4 and TAF12, 

while TBP does not contact any TFIID subunit. Such massive rearrangements were not 

observed upon binding of yeast TFIID to promoter DNA, and the TFIIA-TBP-DNA complex 

was not observed. The most plausible interpretation is that in the absence of identified yeast 

core promoter elements, TBP is indeed loaded onto the DNA with TFIIA and the whole TFIIA-

TBP-DNA complex can slide along the core TFIID. 

TFIID and SAGA thus share the capacity to interact with and to load TBP onto gene promoters, 

but their roles in gene expression are different. Pioneering genome wide ChIP experiments 

established the concept of housekeeping TFIID- and stress-induced SAGA- dependent genes 

[13], and this paradigm has been revised significantly by recent run on transcription, subunit 

deletion or anchor away experiments [12, 66, 67]. In S. cerevisiae, SAGA has more 

widespread roles in RNA polymerase II transcription than initially suggested, but has specific 

additional effects on highly regulated, and possibly highly expressed genes, with no clear cut-

off between the two classes. With reduced intrinsic DNA binding properties, SAGA is likely to 

be recruited to UAS regions mainly by transcriptional activators induced by stress specific 

signalling pathways (Fig.3C). In contrast, TFIID binds strongly to DNA and the cryo-EM 

structure of yeast promoter-bound TFIID shows that a 35-40 bp long stretch of promoter DNA 

is held between the Twin- and Taf2-lobes by Taf4 and Taf2 respectively [16]. Human TFIID 

shows additional interactions of TAF1 with downstream promoter elements and of TBP with 

the upstream DNA [60]. TFIID’s unique DNA binding properties, requiring 120-150 Å of free 

DNA for optimal interaction, may reduce activator dependency (Fig.3D). As this distance is 

larger than the internucleosomal linkers, whose length varies between 15-20 bp and 

corresponding to 50-70 Å, TFIID may search for nucleosome depleted regions found around 



the promoters of most genes, including weakly expressed house-keeping genes, in order to 

interact tightly and find a suitable TBP deposition site. The wide range of SAGA, versus TFIID, 

gene dependencies could thus be explained by considering that each promoter has two 

components for TBP loading: a component proximal to the transcription start site which is 

driven by TFIID and a distal UAS-based component that is controlled by SAGA.  

 

The versatile SAGA complex.  
SAGA assembles a unique blend of nuclear functions into a unique complex: chromatin 

modifications performed by two different enzymatic modules, readers of multiple histone 

modifications, activator binding, and TBP interaction and loading onto promoters. This 

exquisite assembly of functional modules serves multiple purposes in addition to transcription 

initiation and participates in the coordination of major nuclear activities. SAGA plays a major 

role in double strand (ds) DNA repair mechanisms. H2B deubiquitination impacts the early 

stages of various dsDNA repair pathways since the failure of SAGA to remove ubiquitin from 

H2BK120ub inhibits ATM- and DNAPK-induced γH2AX formation, a hallmark of several 

dsDNA repair mechanisms [68], and a ds break-induced monoubiquitination-to-acetylation 

switch on histone H2BK120 was described to be mediated by the SAGA complex [69]. The 

H2B monoubiquitination balance maintained by the SAGA DUB module is also crucial for 

correct double strand break repair during homologous recombination [70].  

SAGA has been involved in the positioning of active genes and in mRNA export through a 

functional cross-talk between the mRNA export machinery TREX-2 and the DUB module [71]. 

SAGA couples splicing and transcription as highlighted in a recent report showing that splicing 

proofreading is modulated by Spt8 and Spt3, thus revealing interactions between the TBP-

binding module of SAGA and the spliceosomal ATPase Prp5p [72]. SAGA subunits further 

contribute to the asymmetric segregation of non-chromosomal DNA circles by mediating their 

interaction with nuclear pore complexes [73]. SAGA causes accumulation of circles and NPCs 

in the mother cell, and thereby promotes ageing.  

The plethora of functions conveyed by SAGA, some of which were disclosed only recently, 

prefigures that additional regulatory functions involving fascinating molecular mechanisms are 

yet to be discovered. All these functions need to be envisaged and explored to explain the 

deleterious effects of SAGA mutations in cancer or in neurodegenerative diseases. 
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FIGURE LEGENDS 

 
Figure 1 | Architecture of the SAGA-TBP complex. A. SAGA subunits are organized into 

the Tra1-lobe and the main lobe. The main lobe is divided into two enzymatic HAT and DUB 

modules, a central module and a TBP-binding module. Overlaps appear as the central module 

is a scaffold for the assembly of all other modules. The Histone Fold domains, present in seven 

subunits, are highlighted as yellow boxes. Subunit length are indicated for the yeast Pichia 

pastoris. B. Front and side views of the yeast SAGA-TBP complex cryo-EM map in which the 

modules have been colored as in (A). C. Front views of the atomic model of the SAGA-TBP 

complex. Arrows indicate the anchor regions of the DUB and the HAT modules. All displayed 

images were generated using UCSF ChimeraX60 

  



 
Figure 2 | Histone fold arrangements in TFIID and SAGA. A. Composition of the histone 

fold arrangements found in TFIID and SAGA. (Spt3)2 represents the intramolecular histone 

fold dimer present in Spt3. B., C. Arrangement of Taf5 and histone-fold containing subunits in 

yeast SAGA (B) and TFIID (C). The Taf5-NTD and Taf6 HEAT repeats adopt different positions 

in yeast SAGA and TFIID.  

  



 
Figure 3 | TBP interactions and promoter binding. A. Molecular interactions of TBP with 

the SAGA subunits Spt3 and Spt8. The partially unfolded αC helix of the Spt3 N-terminal HF 

is represented by dotted lines.  B. Model for the position of TBP within TFIID and its interaction 

with the TAF11-13 HF pair and the N-terminal TAND domains of TAF1 (grey), Adapted from 

[17]. C. Model for the interaction of SAGA with transcriptional activators (Act) bound to UAS 

sequences upstream of the TSS. D. Model for the interaction of TFIID with proximal promoter 

sequences surrounding the TSS. 
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