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Structure of the transcription activator target Tral
within the chromatin modifying complex SAGA
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The transcription co-activator complex SAGA is recruited to gene promoters by sequence-
specific transcriptional activators and by chromatin modifications to promote pre-initiation
complex formation. The yeast Tral subunit is the major target of acidic activators such as
Gal4, VP16, or Gen4 but little is known about its structural organization. The 430 kDa
Tral subunit and its human homolog the transformation/transcription domain-associated
protein TRRAP are members of the phosphatidyl 3-kinase-related kinase (PIKK) family. Here,
we present the cryo-EM structure of the entire SAGA complex where the major target of
activator binding, the 430 kDa Tral protein, is resolved with an average resolution of 5.7 A.
The high content of alpha-helices in Tral enabled tracing of the majority of its main chain. Our
results highlight the integration of Tral within the major epigenetic regulator SAGA.
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requires specific assembly of a pre-initiation complex (PIC)

at gene promoters. Immediately before PIC assembly
trans-activator proteins bind to specific DNA sequences in
response to cellular cues and recruit co-activator complexes to
alter chromatin structure and to coordinate transcription with
epigenetic modifications!?. The 19-subunit SAGA co-activator
complex binds to activators in vivo>* and harbors two enzymatic
activities to acetylate or deubiquitinate nucleosomal histones™®.
The molecular basis for SAGA recruitment by activators and for
relaying this event to its enzymatic centers is poorly understood.
Currently available structural information on full SAGA 1s
derived from low-resolution electron microscopy studies”?,
crosshnked mass spectrometry,'? and combinatorial depletion
analysis!!. A higher resolution structure is required to investigate
its assembly, interactions between the different functional centers,
and role in transcription regulation.

Here we present the cryo-EM structure of the entire SAGA
complex where the major target of activator binding, the 430 kDa
Tral protein is resolved with an average resolution of 5.7 A.
SAGA is organized into two lobes, one of which is fully occupied
by Tral while the second contains enzymatic and chromatin
recognition functions. The interaction between Tral and the
second lobe relies on a single and narrow interface forming a
hinge region. Tral is a member of the PIKK (PI3K-like kinases)
famlly that contains three major domains: HEAT, FAT, and
kinase!>!3. We find a sequence motif that seems essential for the
intricate. HEAT domain architecture of Tral, we identify a
structural core shared by other PIKKs including TOR, and we
illuminate a resemblance between Tral and DNA-PK, a PIKK
involved in DNA repair'®. In addition we show that the cataly-
tically inactive kinase of Tral presents a much more accessible
central cleft than true kinases. Our work uncovers design prin-
ciples of large HEAT repeat domains in addition to providing a
framework for studying the pivotal event of SAGA recruitment by
activators.
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Fig. 1 Cryo-EM structure of the P. pastoris SAGA complex. a Cryo-EM
structure at 11.7 A resolution of the full SAGA complex formed by lobe A
(gray) and lobe B (colored). The approximate positions of key SAGA
subunits, the histone acetyltransferase (HAT) and deubiquitination (DUB)
modules are depicted according to literature’=°. b Analysis of SAGA
complex flexibility by 3D classification showing a swirling of lobe B with
respect to lobe A and ¢ changes in the conformation of the HAT and DUB
modules within lobe B. Scale bar represents 5.1nminaand 9nminbandc
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Fig. 2 Architecture of the Tral subunit. a Structural units of the P. pastoris Tral subunit comprised of HEAT, FAT, and kinase domains. b Enlarged view of a
segment of the HEAT domain showing the quality of the density map that reveals the a-solenoid path. € Cryo-EM map of SAGA's lobe A containing
exclusively the Tral subunit, color-coded by structural domains as in a. d Main chain model of the Tral subunit
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Fig. 3 Common structural feature within the PIKK superfamily. Comparison of Pp Tral (a), Km TOR (b), and Hs DNA-PK (c) structures revealing a common
structural motif (red), which ends the central solenoid in P. pastoris Tral (residues 924-933), the spiral domain in Km TOR (residues 850-860), and the N-
terminal unit in Hs DNA-PK (residues 857-866). The linkers between the central solenoid and the ring in Tral, between the spiral and bridge in TOR or between
the circular cradle and the N-terminal unit are colored blue, core helices adjacent to the kinase domain appear in cyan, and the kinase domain is represented as
in Fig. 2a. d Sequence alignment of the conserved structural motif [RKQC]-¥-¥-G-X-®-G (where ¥ represents amino acids with large aliphatic side chains, ®
any hydrophobic residue, and X any residue) placed at the end of the central solenoid. The represented species are Homo sapiens (Hs), Pichia pastoris (Pp), Dario
rerio (Dr), Kluyveromyces marxianus (Km), and Arabidopsis thaliana (At). The sequence numbering refers to the sequence of PpTral

Results

Structure determination of the SAGA complex. There are only a
few hundred copies of SAGA in a cell. To obtain sufficient
amounts of homogenous sample, we developed a purification
procedure for endogenous nuclear complexes that exploits the
ability of the yeast Pichia pastoris to reach high cell densities
while maintaining exponential growth rate (Supplementary
Fig. 1). Single-particle analysis of mildly cross linked, frozen
hydrated SAGA molecules resulted in a 3D reconstruction with
an overall resolution of 11.7 A (Supplementary Fig. 2; Supple-
mentary Table 1). SAGA has an elongated shape of 28 x 20 nm in
size and is formed by two asymmetric lobes connected by a single
interaction site (Fig. 1la). Three-dimensional classification
revealed a continuous twisting movement between the two lobes
around this hinge region (Fig. 1b). Furthermore, an extended
protein domain in the largest lobe B can swing by 15° from an
open to a closed state (Fig. 1c). This flexibility is likely an
important feature of SAGA to facilitate the search for a substrate
nucleosome upon activator recruitment.

To overcome flexibility-induced blurring, we analyzed each
lobe separately by a localized reconstruction approach!®. While
lobe B improved only modestly due to uncorrelated domain
movements, the resolution in lobe A reached 5.7 A, thus showing
clear density for helices and several connecting loops (Fig. 2).
Tral was previously localized in this lobe”’. We now find that
Tral occupies the full volume of lobe A, implying that SAGA
activator recruitment and enzymatic functions are spatially
separated.

We could trace most of Tral main chain and model the
structured domains throughout the protein with the exception of
some loops. The fitted crystal structures of the mTOR FAT and
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kinase domains'® served as a starting point for constructing a

model of the homologous domains in Tral, where significant
differences were observed (Supplementary Figs. 3, 4). In addition
we built the ~300kDa HEAT domain including all ~103
predicted alpha helices (Supplementary Figs. 4, 5). The HEAT
repeats form a central solenoid overlaid by a ring structure and
adopt a cradle shape when viewed from the side (Fig. 2c, d). In
agreement with early antibody labeling experiments’, the N-
terminus of Tral is located in a short protruding tail containing
10 o-helices corresponding to residues 1-250. Extending the tail,
the central solenoid comprises 11 regular HEAT repeats up to
residue 928. These are followed by a linker domain containing
three helices before assuming a regular ring-shaped, a-solenoid
path, of 31 HEAT repeats (Fig. 3a). This ring (Fig. 2) crosses the
central solenoid (at repeat 19) before merging into the FAT
domain in a region close to lobe B. An intricate network of
interactions is detected between the central and ring solenoids in
the region where they cross each other. This might contribute to
establishing or stabilizing the described architecture. The
topology of the HEAT domain was validated by the good
correlation between the predicted and the measured helix
dimensions and by comparison with intra-subunit cross-link-
ing/mass spectrometry experiments'? (Supplementary Fig. 6).

Homology with PIKK family members. The large variability in
their overall length and their low sequence homology suggest that
PIKK HEAT domains may adopt diverse quaternary structures'2.
Sequence and secondary structure analyses predicted the occur-
rence of shared elements but these were never structurally iden-

tified!”. The structural comparison of the HEAT domains of
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Fig. 4 Structural homology between Tral and DNA-PK. Comparison of Tral
and DNA-PK structures showing their similar architecture and domain
organization

TOR, Tral, and DNA-PK unveil common architectural princi-
ples, as well as shared structural elements. When the FAT-kinase
domains are superposed, we find that the C-termini of the Tral
central solenoid, the TOR spiral solenoid'®!® and the mTOR N-
terminal unit?® occupy equivalent spatial positions, and share a
common structural element corresponding to a helix-sharp turn-
short helix structure (red motif in Fig. 3). This structural element
breaks the regular HEAT repeat solenoids and marks the begin-
ning of a linker domain (blue in Fig. 3) that reaches another
stretch of HEAT repeats, respectively, the ring domain for PpTral
(Fig. 3a), the bridge domain for KmTOR (Fig. 3b), and the cir-
cular cradle for HsSDNA-PK (Fig. 3¢). These solenoids are at very
similar positions with respect to the kinase in all three proteins.
Interestingly, this element also corresponds to the only sequence
motif identified as strongly conserved between the HEAT
domains of TOR, Tral, and DNA-PK (Fig. 3d). Furthermore,
immediately after this linker associated to the conserved motif,
the eight helices closest to the kinase in the TOR HEAT domain
have clear counterparts in Tral and in DNA-PK, and form a
similar curvature in all proteins'®!°. An even more comprehen-
sive similarity is observed between Tral and DNA-PK (Fig. 4).
Although the available model of DNA-PK does not contain the
full set of HEAT repeats’®?!, the comparison with our Tral
model shows that the overall architecture, shape, and size of the
HEAT domain, as well as the positions of the FAT and kinase
domains are almost identical. It is noteworthy that in Tral and
DNA-PK, the HEAT repeats wrap around a much larger part of
the kinase as compared to the shorter TOR and thus additional
interactions are formed with the kinase. The striking similarity in
overall architecture between DNA-PK and Tral suggests that the
architecture of even very large HEAT domains can be dictated by
a small number of crucially placed elements.

Contrary to TOR and DNA-PK, Tral is a pseudo-kinase®? that
lacks catalytic activity’>. The kinase domain nevertheless
maintains the archetypal two-lobe fold of PI3K and the loops
that carry the ATP binding residues or the catalytic residues in
TOR are located in almost identical positions in Tral (Fig. 5a). In
contrast, regulatory elements that restrict substrate access to the
catalytic cleft in TOR show strong differences in structure or
orientation with respect to their Tral analogs. The four-helix
bundle FRB occupies a completely different position and packs
with the ring HEAT repeats in Tral, the Tral activation loop has
more than twice the length of its TOR counterpart and extends
away from the central cleft and the LBE element also points away
from the cleft in Tral (Fig. 5a). Strikingly, TOR’s helix Ka9b and
the negative regulatory loop sticks into the catalytic cleft and
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Fig. 5 Unique features of the Tral FAT and Kinase domains. a Open
conformation of Tral pseudokinase. Comparison of the kinase domain in
P. pastoris Tral and mTOR (PDB 4jsnB). b Helices (indicated by a triangle,
residues K2686-K2741) in the TRD2 domain of Tral FAT (orange) shift by
up to 14 A toward the kinase domain (pink) in comparison to mTOR (gray).
The first helix of the FATC part of the kinase in Tral is in red. ¢ Hinge
interface between the two lobes. Backbone of a putative helix from lobe B in
red. Helices from the FAT domain (residues G2700-K2753) forming the
bearing-like surface in brown. The position of the hinge within the full
SAGA complex is highlighted at the top left

plugs one end of it, while in Tral helix Ka9b proceeds in the
opposite direction to interact with the FAT domain and there is
virtually no analog for the negative regulatory loop. As a result
the central cleft of the Tral kinase domain is much more
accessible than in TOR.

Likewise, the FAT repeats surrounding the kinase domain
display a similar overall organization with respect to other PIKKs,
yet significant local differences are apparent. The FAT repeats are
divided into three TRD (tetratricopeptide repeat-containing
domain) domains and one HRD (HEAT repeat domain)
domain'®. The TRD2 domain in FAT is shifted much closer to
the kinase forming new interactions notably with the kinase
FATC domain known to be important for Tral assembly (Fig. 5b;
Supplementary Fig. 4). Within the shifted TRD2 domain, three
consecutive helices that are highly conserved among Tral
proteins (residues 2698-2753) form a bearing-like module that
accepts a rod-shaped density, probably an o-helix, originating
from lobe B (Fig. 5¢). This is the major, perhaps single, interface
between the two lobes, though its surface area represents only a
minute fraction of that presented by the two lobes (Figs. 5¢, 1a).
This interaction forms the hinge region that orchestrates the
movement of one lobe with respect to the other (Fig. 1a). Cross-
linking data suggest Tafl12 and Spt20 as the most likely partners
of Tral in the hinge region'®.

Discussion

The present structural model of SAGA shows that Tral occupies
entirely lobe A. This finding contradicts a previous model of
NuA4 whose shape and size was highly similar to SAGA’s lobe

| DOI: 10.1038/541467-017-01564-7 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

A%, Since Tral is shared by SAGA and NuA4, this observation
suggested that lobe A contains not only Tral but also the 9
NuA4-specific subunits. A high flexibility of the subunits asso-
ciated with Tral in NuA4 or a partial dissociation may explain
that only the Tral module was reconstructed in this study. We
were not able to fit unambiguously any additional atomic struc-
ture in the enzymatic lobe. We tried to fit the previously deter-
mined 5TAF structure containing two copies of Taf5, 6, 9, 10, and
12 since this structure is partially shared between SAGA and
TFIID*. We could not find such a highly symmetric sub-
structure in the enzymatic lobe. This could be related to differ-
ences in subunit stoichiometry in SAGA vs. TFIID, which would
indicate an alternative assembly mechanism. Indeed, while it is
clearly demonstrated that a core of subunits is present in two
copies in TFIID?, such information is not available for SAGA.

Tral mutations that diminish SAGA’s histone acetylation
activity without affecting its assembly or its recruitment to
chromatin, established the presence of a crosstalk between the
enzymatic subunits and the activator binding sites, which are
located in different lobes?®?”. Intriguingly, Tral is recruited to
promoters by numerous activators with distinct binding sites
along the HEAT domain®?’, but employs a single narrow inter-
face for communicating this information to the enzymatic lobe
(Figs. 5¢, 1a; Supplementary Fig. 7).

The current view of PIKK regulation posits that various inputs,
such as activating proteins binding to the HEAT domains or post-
translational modifications, are integrated by PIKK to modify its
kinase accessibility!®?%, Tral, however, is the only PIKK with a
catalytically inactive kinase and its pseudo-kinase center is widely
open. It is tempting to suggest that in Tral, unlike all other
PIKKs, the combined effect of various stimuli is integrated, not by
the kinase, but into a conformation change within the FAT hinge
module that might be further propagated to the enzymatic sites in
lobe B. Tral is also part of the essential multi-protein co-activator
NuA4% and as such mediates recruitment to the chromatin of
additional distinct enzymatic activities as well as histone exchange
machineries®?. The structure presented here will facilitate unco-
vering the unique Tral features that made evolution select the
same protein for the recruitment of different transcription reg-
ulatory activities. Understanding the molecular crosstalk between
SAGA’s biological functions will require additional structures
with bound activators and nucleosomes as well as a better defi-
nition of the enzymatic lobe.

Methods

Preparative scale production of SAGA. The SAGA complex was purified from
nuclear extracts of a budding yeast P. pastoris (Komagataella pastoris) strain using
a streptavidin-binding peptide (SBP) affinity tag placed at the C-terminus of the
Sgf73 subunit (Supplementary Fig. 1). About 21 of yeast cells were grown at 24 °C
with glycerol as carbon source and harvested when ODgg nm reached 12-15. Cells
were washed in water and then treated with 10 mM DTT. The cell wall was
digested by addition of lyticase and spheroplasts were pelleted at 5500xg for

20 min. All further steps were performed at 0-4 °C. Protease inhibitors were added
to all buffers. Spheroplasts were disrupted by suspension in a hypotonic buffer
(15-18% Ficoll 400, 0.6 mM MgCl,, 20 mM K-phosphate buffer pH 6.6) using a
dounce homogenizer. Sucrose (0.1 M) and MgCl, (5 mM) were then added. Nuclei
(and some debris) were pelleted at 33,000xg for 33 min, resuspended in a wash
buffer (0.6 M sucrose, 8% PVP, 1 mM MgCl,, 20 mM phosphate buffer pH 6.6) and
pelleted again at 34,000xg for 50 min. Nuclei were resuspended in extraction buffer
(20 mM HEPES pH 8.0, 300 mM NaCl, 20% sucrose, 8 mM MgCl,, 4 mM DTT)
with 20 strokes using a tight pestle in a dounce homogenizer. Following 30 min of
incubation, debris were precipitated at 35,000xg for 38 min. The supernatant was
collected and 1-2% PEG 20,000 added in order to precipitate some remaining
organelles and membrane parts by a short centrifugation step at 33,000xg for

10 min. The PEG 20,000 concentration was then increased to 5.8% and SAGA
precipitated in a second short centrifugation step. The pellet was solubilized in a
minimal volume and avidin was added to block endogenously biotinylated pro-
teins. The suspension was incubated with streptavidin beads for 4 h in buffer A
(20 mM HEPES pH 8.0, 250 mM NaCl, 10% sucrose, 2mM MgCl,, 2 mM Tris (2-
carboxyethyl)phosphine) (TCEP) washed five times and eluted with buffer A
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containing 10 mM biotin. The eluate was concentrated with Millipore Amicon-
Ultra (50 kDa cutoff) and spun in a 10-30% sucrose gradient with buffer B (20 mM
HEPES pH 8.0, 150 mM potassium acetate, 2mM TCEP, 3 mM MgCl,) in rotor
SW60 (38,000 rpm for 13.5h). SAGA was fractionated at ~25% sucrose and con-
centrated with Amicon-Ultra to ~1 mg per ml.

Cryo-EM sample preparation and data acquisition. Preliminary analysis of
purified complex by negative staining and cryo-EM indicated that SAGA is very
fragile and prone to aggregation and dissociation. By systematic screening of
several detergents and buffer components, together with mild cross-linking of
concentrated SAGA samples, we were able to reduce aggregation and stabilize the
complex. Furthermore, we noticed that SAGA adopts a preferential orientation on
the supporting carbon film due to its elongated shape and a preferred binding
interface. To overcome this problem we used holey carbon grids and succeeded in
isolating a homogeneous SAGA population suitable for single-particle cryo-EM
analysis (Supplementary Fig. 2).

Freshly purified SAGA complexes were precipitated with PEG 20,000 to remove
sucrose and suspended at a concentration of 0.2 mg/ml before cross-linking with
glutaraldehyde (final concentration 0.1%) for 30 min on ice. About 3 pl of sample
was applied onto a holey carbon grid (Quantifoil R2/2 300 mesh, in-house
prepared carbon) rendered hydrophilic by a 20 s glow-discharge in air (2mA
current at 1.8 x 10~} mbar). The grid was blotted for 1s (blot force 5) and flash-
frozen in liquid ethane using Vitrobot Mark IV (FEI) at 4 °C and 95% humidity.

Images were acquired on a C,-corrected Titan Krios (FEI) microscope operating
at 300 kV in nanoprobe mode using the EPU software for automated data
collection. Movie frames were collected on a 4kx4k Falcon II direct electron
detector at a nominal magnification of 59,000, which yielded a pixel size of
0.11 nm. Eight movie frames were recorded at a dose of 7 electrons per A% per
frame corresponding to a total dose of 60 electrons perA2, but only the 7 last
frames were kept for further processing.

Image processing. Movie frames were aligned, dose-weighted, and averaged using
Motioncor2’! to correct for beam-induced specimen motion and to account for
radiation damage by applying an exposure-dependent filter. Movies with large
global frame shifts were excluded from further analysis. Unweighted movie sums
were used for contrast transfer function (CTF) estimation with CTFFIND42 or
Getf program™3, while dose-weighted sums were used for all subsequent steps of
image processing. After manual screening, images with poor CTF, particle aggre-
gation, or ice contamination were discarded. About 6000 SAGA particles were
picked manually using the e2boxer program of EMAN23* and subjected to 2D
classification in Relion®®. Representative class average images showing SAGA in
different orientations were then used as references for auto-picking with Gauto-
match (http://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/). Several cycles of
automatic picking followed by 2D classification were performed, yielding a data set
of 264,901 particles. This data set was analyzed in Relion 1.4 according to standard
protocols. Briefly, the images were subjected to 2D classification to eliminate
remaining bad particles. The structure was refined using a low-pass filtered starting
model obtained previously by random conical tilt method’. Global resolution
estimates were determined using the FSC =0.143 criterion after a gold-standard
refinement. Local resolution was estimated with ResMap>°.

Three-dimensional classification of the entire data set could not clearly separate
distinct conformations of SAGA complex. Therefore we carried out a focused
refinement of lobe A using the masked lobe A as a reference followed by a 3D
classification without alignment. Resulting classes revealed a continuous set of lobe
B conformations indicating a twisting movement between the lobes. The same
analysis was performed on lobe B, which uncovered additional conformational
changes involving the histone acetyl transferase and the deubiquitination modules.

Localized reconstruction of separate SAGA lobes was performed using the
Localrec scripts!®. First, particle coordinates were recalculated by applying shifts
from the latest 3D refinement. New origin and orientations for each lobe of the
complex were calculated and used to extract subparticles from the full particle
images. Additionally, the unwanted densities were subtracted from subparticle
images using the relion_project command of Relion®”. The produced subparticles
were further treated as regular single particles. Three-dimensional reconstruction,
structure refinement, 3D classification, and post-processing were carried out in
Relion. Illustrations were prepared with GIMP, the Chimera visualization
software®®, and the PYMOL Molecular Graphics System, Version 1.8 Schrodinger,
LLC.

Tral sequence analysis and secondary structure prediction. The sequence
analysis and secondary structure predictions were performed using the P. pastoris
Tral (PpTral) sequence Uniprot ID F2QQ15. A multiple sequence alignment
(MSA) was realized to identify conserved regions within the Tral HEAT domain as
well as for secondary structure prediction of the HEAT domain (see below).
Homologous sequences of PpTral were retrieved from the RefSeq database® with
the blastp tool*’ on the NCBI website. All homologous sequences with an identity
above 25% were retained, and the MSA was performed using Cobalt*!. The
alignment was manually curated in Jalview*?, and contained 86 sequences (41
vertebrates, 7 insects, and 38 fungus) in its final form. The same protocol was used
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to build MSA of TOR and DNA-PK, using the Homo sapiens sequences as input
(Uniprot P42345 and P78527 for TOR and DNA-PK, respectively). The MSA of
TOR includes the same species diversity as that of Tral, while DNA-PK was
present only in metazoans.

Conserved sequence motifs shared by the HEAT domains of the three PIKK
were searched using the alignment conservation score?®. Specifically, we retained
motifs containing at least five consecutive residues with conservation scores
between 11 (maximum value) and 9*2. A consensus secondary structure prediction
of the HEAT domain of PpTral was built usin§ four individual predictions
obtained using the programs JPred**, SPIDER>*’, and HHpred*’, using either the
sequence of PpTral or the previously built MSA as input. The predicted lengths of
helices were compared to the lengths of helices fitted in the density map. The
coherence of the predicted loop length with the observed density was also
examined.

Tral model building. Alpha helices were initially detected and constructed with
phenix.ﬁnd_helices_strands47‘ The extent of the HEAT domain became clearly
defined in this manner. Building of additional HEAT domain helices as well as
correction of helices length and orientations were performed in Coot*$. The
number and size of the helices are in very good agreement with the predicted values
and in many cases the connecting loops between successive helices were distin-
guishable allowing sequence assignment of the HEAT domain helices. However, at
the current resolution, no density for protein side chains is discerned, so this
assignment may hold some inaccuracies.

Initial rigid body docking of the human mTOR FAT domain (PDB 4jsn'®) into
the cryo-EM map of SAGA’s lobe A was performed using the colores tool of Situs
software*®. Beforehand, the cryo-EM map was low-pass filtered to 7.5 A and the
density attributed to the Tral HEAT domain was removed. Additionally, we
removed all loops from this homologous FAT domain and replaced the sequence
with polyalanine residues. Angular sampling of 10° and standard cross-correlation
method was used for exhaustive 6D positional search. A top scoring solution was
found to be in close agreement with previous manual docking. During the docking,
the distinct curvature of the FAT domain structure indicated that the original 3D
reconstruction had the wrong hand and at this point we have flipped the map. The
model was manually corrected according to density taking into account the
secondary structure prediction as obtained from HHPRED.

Approximate location of the kinase domain was deduced by superposing the
FAT-kinase structure of human mTOR (PDB 4jsn) on Tral FAT domain. The
starting kinase model was further fitted into EM density by fit in map tool of
Chimera. The model was manually corrected according to density taking into
account the secondary structure prediction. In the vast majority of cases, the
secondary structure prediction (e.g., positions and lengths of helices) was in
excellent fit and we believe that errors in residue register in the FAT and kinase
domains are minimal.

Local rigid body and real-space refinement were performed in Coot to better
place secondary structure elements into the map. Model geometry was then
idealized using phenix.geometry_minimization with secondary structure restraints.

Data availability. The cryo-EM maps have been deposited in the 3D-EM database
(EMBL-European Bioinformatics Institute, Cambridge, UK) with accession codes
EMD-3790 and EMD-3804 for Tral and full SAGA, respectively. The model
coordinates of Tral were deposited in the PDB database with accession code 50E].
All other data and request for materials are available from the corresponding
authors.

Received: 11 March 2017 Accepted: 27 September 2017
Published online: 16 November 2017

References

1. Grunberg, S. & Hahn, S. Structural insights into transcription initiation by RNA
polymerase II. Trends Biochem. Sci. 38, 603-611 (2013).

2. Hahn, S. & Young, E. T. Transcriptional regulation in Saccharomyces cerevisiae:
transcription factor regulation and function, mechanisms of initiation, and
roles of activators and coactivators. Genetics 189, 705-736 (2011).

3. Larschan, E. & Winston, F. The S. cerevisiae SAGA complex functions in vivo as
a coactivator for transcriptional activation by Gal4. Genes Dev. 15, 1946-1956
(2001).

4. Brown, C. E. et al. Recruitment of HAT complexes by direct activator
interactions with the ATM-related Tral subunit. Science 292, 2333-2337
(2001).

5. Grant, P. A. et al. Yeast Gen5 functions in two multisubunit complexes to
acetylate nucleosomal histones: characterization of an Ada complex and the
SAGA (Spt/Ada) complex. Genes Dev. 11, 1640-1650 (1997).

13.

14.

15.

16.

17.

18.

19.

2

(=]

2

—_

22.

23.

2

'

2

w

26.

27.

2

==l

29.

30.

3

—

32.

33

3

&

|8:1556

Henry, K. W. et al. Transcriptional activation via sequential histone H2B
ubiquitylation and deubiquitylation, mediated by SAGA-associated Ubp8.
Genes Dev. 17, 2648-2663 (2003).

Wu, P. Y., Ruhlmann, C., Winston, F. & Schultz, P. Molecular architecture of
the S. cerevisiae SAGA complex. Mol. Cell 15, 199-208 (2004).

Durand, A., Bonnet, J., Fournier, M., Chavant, V. & Schultz, P. Mapping the
deubiquitination module within the SAGA complex. Structure 22, 1553-1559
(2014).

Setiaputra, D. et al. Conformational flexibility and subunit arrangement of the
modular yeast spt-ada-gen5 acetyltransferase complex. J. Biol. Chem. 290,
10057-10070 (2015).

. Han, Y., Luo, J., Ranish, J. & Hahn, S. Architecture of the Saccharomyces

cerevisiae SAGA transcription coactivator complex. EMBO J. 33, 2534-2546
(2014).

. Lee, K. K. et al. Combinatorial depletion analysis to assemble the network

architecture of the SAGA and ADA chromatin remodeling complexes. Mol.
Syst. Biol. 7, 503 (2011).

. Baretic, D. & Williams, R. L. PIKKs--the solenoid nest where partners and

kinases meet. Curr. Opin. Struct. Biol. 29, 134-142 (2014).

Grant, P. A,, Schieltz, D., Pray-Grant, M. G., Yates, J. R. & Workman, J. L. The
ATM-related cofactor Tral is a component of the purified SAGA complex. Mol.
Cell 2, 863-867 (1998).

Jette, N. & Lees-Miller, S. P. The DNA-dependent protein kinase: a
multifunctional protein kinase with roles in DNA double strand break repair
and mitosis. Prog. Biophys. Mol. Biol. 117, 194-205 (2015).

Ilca, S. L. et al. Localized reconstruction of subunits from electron
cryomicroscopy images of macromolecular complexes. Nat. Commun. 6, 8843
(2015).

Yang, H. et al. mTOR kinase structure, mechanism and regulation. Nature 497,
217-223 (2013).

Perry, J. & Kleckner, N. The ATRs, ATMs, and TORs are giant HEAT repeat
proteins. Cell 112, 151-155 (2003).

Baretic, D., Berndt, A., Ohashi, Y., Johnson, C. M. & Williams, R. L. Tor forms
a dimer through an N-terminal helical solenoid with a complex topology. Nat.
Commun. 7, 11016 (2016).

Aylett, C. H. et al. Architecture of human mTOR complex 1. Science 351, 48-52
(2016).

. Sibanda, B. L., Chirgadze, D. Y., Ascher, D. B. & Blundell, T. L. DNA-PKcs

structure suggests an allosteric mechanism modulating DNA double-strand
break repair. Science 355, 520-524 (2017).

. Sibanda, B. L., Chirgadze, D. Y. & Blundell, T. L. Crystal structure of DNA-

PKcs reveals a large open-ring cradle comprised of HEAT repeats. Nature 463,
118-121 (2010).

Eyers, P. A. & Murphy, J. M. The evolving world of pseudoenzymes: proteins,
prejudice and zombies. BMC Biol. 14, 98 (2016).

McMahon, S. B,, Van Buskirk, H. A., Dugan, K. A., Copeland, T. D. & Cole, M. D.
The novel ATM-related protein TRRAP is an essential cofactor for the c- Myc and
E2F oncoproteins. Cell 94, 363-374 (1998).

. Chittulury, J. R. et al. Structure and nucleosome interaction of the yeast NuA4

and Piccolo-NuA4 histone acetyltransferase complexes. Nat. Struct. Mol. Biol.
18, 1196-1203 (2011).

. Bieniossek, C. et al. The architecture of human general transcription factor

TFIID core complex. Nature 493, 699-702 (2013).

Sanders, S. L., Garbett, K. A. & Weil, P. A. Molecular characterization of
Saccharomyces cerevisiae TFIID. Mol. Cell Biol. 22, 6000-6013 (2002).
Knutson, B. A. & Hahn, S. Domains of Tral important for activator
recruitment and transcription coactivator functions of SAGA and NuA4
complexes. Mol. Cell Biol. 31, 818-831 (2011).

. Rivera-Calzada, A., Maman, J. D., Spagnolo, L., Pear], L. H. & Llorca, O. Three-

dimensional structure and regulation of the DNA-dependent protein kinase
catalytic subunit (DNA-PKcs). Structure 13, 243-255 (2005).

Allard, S. et al. NuA4, an essential transcription adaptor/histone H4
acetyltransferase complex containing Esalp and the ATM-related cofactor
Tralp. EMBO J. 18, 5108-5119 (1999).

Altaf, M. et al. NuA4-dependent acetylation of nucleosomal histones H4 and
H2A directly stimulates incorporation of H2A.Z by the SWR1 complex. J. Biol.
Chem. 285, 15966-15977 (2010).

. Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-induced

motion for improved cryo-electron microscopy. Nat. Methods 14, 331-332
(2017).

Rohou, A. & Grigorieff, N. CTFFIND4: fast and accurate defocus
estimation from electron micrographs. J. Struct. Biol. 192, 216-221 (2015).

. Zhang, K. Gctf: real-time CTF determination and correction. J. Struct. Biol. 193,

1-12 (2016).

. Ludtke, S. J., Baldwin, P. R. & Chiu, W. EMAN: semiautomated software for

high-resolution single-particle reconstructions. J. Struct. Biol. 128, 82-97
(1999).

| DOI: 10.1038/541467-017-01564-7 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

3

5l

. Scheres, S. H. A Bayesian view on cryo-EM structure determination. J. Mol.
Biol. 415, 406-418 (2012).

36. Kucukelbir, A., Sigworth, F. J. & Tagare, H. D. Quantifying the local resolution

of cryo-EM density maps. Nat. Methods 11, 63-65 (2014).

37. Nguyen, T. H. et al. The architecture of the spliceosomal U4/U6.U5 tri-snRNP.
Nature 523, 47-52 (2015).

. Pettersen, E. F. et al. UCSF Chimera--a visualization system for exploratory
research and analysis. J. Comput. Chem. 25, 1605-1612 (2004).

39. O’Leary, N. A. et al. Reference sequence (RefSeq) database at NCBI: current
status, taxonomic expansion, and functional annotation. Nucleic Acids Res. 44,
D733-D745 (2016).

. Altschul, S. F., Gish, W., Miller, W., Myers, E. W. & Lipman, D. J. Basic local
alignment search tool. J. Mol. Biol. 215, 403-410 (1990).

. Papadopoulos, J. S. & Agarwala, R. COBALT: constraint-based
alignment tool for multiple protein sequences. Bioinformatics 23, 1073-1079
(2007).

42. Waterhouse, A. M., Procter, J. B., Martin, D. M., Clamp, M. & Barton, G. J.
Jalview Version 2--a multiple sequence alignment editor and analysis
workbench. Bioinformatics 25, 1189-1191 (2009).

43. Livingstone, C. D. & Barton, G. J. Protein sequence alignments: a strategy for
the hierarchical analysis of residue conservation. Comput. Appl. Biosci. 9,
745-756 (1993).

44. Drozdetskiy, A., Cole, C., Procter, J. & Barton, G. J. JPred4: a protein secondary

structure prediction server. Nucleic Acids Res. 43, W389-W394 (2015).

. Heffernan, R. et al. Highly accurate sequence-based prediction of half-sphere
exposures of amino acid residues in proteins. Bioinformatics 32, 843-849
(2016).

. Hildebrand, A., Remmert, M., Biegert, A. & Soding, J. Fast and accurate
automatic structure prediction with HHpred. Proteins 77, 128-132 (2009).
Suppl 9.

. Terwilliger, T. C. Rapid model building of alpha-helices in electron-density
maps. Acta Crystallogr. D Biol. Crystallogr. 66, 268-275 (2010).

48. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development

of Coot. Acta Crystallogr. D Biol. Crystallogr. 66, 486-501 (2010).

49. Chacon, P. & Wriggers, W. Multi-resolution contour-based fitting of

macromolecular structures. J. Mol. Biol. 317, 375-384 (2002).

3

el

4

j=1

4

—

4

v

4

=2

4

JQ

Acknowledgements

We thank L. Bianchetti and R. Stote for helpful discussions. We acknowledge support
from the Institut National de la Santé et de la Recherche Médicale (INSERM), the Centre
National pour la Recherche Scientifique (CNRS), the Association pour la Recherche sur
le Cancer (ARC), and the Fondation pour la Recherche Médicale (FRM). This work was
supported by the ANR SAGA2, the ANR-IAB-2011-BIP:BIP [ANR-10-BINF-0003]; the
grant ANR-10-LABX-0030-INRT, a French State fund managed by the Agence Nationale

|8:1556

de la Recherche under the frame program Investissements d’Avenir ANR-10-IDEX-
0002-02, the French Infrastructure for Integrated Structural Biology (FRISBI) [ANR-10-
INSB-05-01] and INSTRUCT as part of the European Strategy Forum on Research
Infrastructures (ESFRI).

Author contributions

P.S. and A.B.S. designed the study; A.B.S. originated the purification procedure; A.B.S.
and O.K. produced, purified, and characterized the P. pastoris SAGA complex; A.B.S.
treated purified SAGA before deposition on grids. G.S., G.P., and A.G.M. froze grids,
collected and analyzed cryo-EM data, calculated and refined the EM density; K.V. and
A.D. carried out secondary structure predictions and identified conserved motifs. P.S.,
K.V, G.S., and A.B.S. interpreted the structure by fitting crystal coordinates and model
building. P.S. and A.B.S. supervised the work. G.S., P.S.,, A.B.S,, K.V, and A.D. prepared
figures and wrote the manuscript together.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-01564-7.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

| DOI: 10.1038/541467-017-01564-7 | www.nature.com/naturecommunications 7


http://dx.doi.org/10.1038/s41467-017-01564-7
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Structure of the transcription activator target Tra1 within the chromatin modifying complex SAGA
	Results
	Structure determination of the SAGA complex
	Homology with PIKK family members

	Discussion
	Methods
	Preparative scale production of SAGA
	Cryo-EM sample preparation and data acquisition
	Image processing
	Tra1�sequence analysis and secondary structure prediction
	Tra1 model building
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




