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Chromatinstructureis a key regulator of DNA transcription, replication and repair’.
Inhumans, the TIP60-EP400 complex (TIP60-C) is a 20-subunit assembly that affects
chromatin structure through two enzymatic activities: ATP-dependent exchange

of histone H2A-H2B for H2A.Z-H2B, and histone acetylation. In yeast, however,
these activities are performed by two independent complexes—SWR1 and NuA4,
respectively?®. How the activities of the two complexes are merged into one
supercomplex in humans, and what this association entails for the structure and
mechanism of the proteins and their recruitment to chromatin, are unknown. Here
we describe the structure of the endogenous human TIP60-C. We find a three-lobed
architecture composed of SWRI-like (SWR1L) and NuA4-like (NuA4L) parts, which
associate witha TRRAP activator-binding module. The huge EP400 subunit contains
the ATPase motor, traverses the junction between SWRIL and NuA4L twice and
constitutes the scaffold of the three-lobed architecture. NuA4L is completely
rearranged compared with its yeast counterpart. TRRAP is flexibly tethered to
NuA4L—instark contrast toits robust connection to the completely opposite side

of NuA4 in yeast*”. Amodelled nucleosome bound to SWRIL, supported by tests of
TIP60-C activity, suggests that some aspects of the histone exchange mechanism
diverge fromwhat is seen in yeast®®. Furthermore, a fixed actin module (as opposed
to the mobile actin subcomplex in SWR1; ref. 8), the flexibility of TRRAP and the weak
effect of extranucleosomal DNA on exchange activity lead to a different, activator-based
mode of enlisting TIP60-C to chromatin.

Chromatin structure regulates all DNA transactions, including tran-
scription, replication and repair. The nucleosome, composed of 146
base pairs (bp) of DNA wrapped around a histone octamer, constitutes
therepeated chromatin unit. Histone variants that deviate in sequence
fromthe canonical ones and post-translational modification of histones
can either directly alter chromatin structure or recruit proteins to
achieve that effect’. Human TIP60-Cis a1.8-MDa complex, composed
of at least 20 subunits, that has two chromatin-modifying enzymatic
activities: acetylation of histones H4 and H2A; and incorporation,
driven by an ATPase situated in subunit EP400, of the histone variant
H2A.Z instead of the canonical H2A*". Histone acetylation by TIP60-C
is associated withactive gene expression'?as well as the repair of DNA
double-strand breaks®. H2A.Z is an essential, conserved histone variant
enriched in nucleosomes flanking the transcription start site, but its
roleis perplexing because it seemsto foster transcriptional activation
of some genes but repression of others™**, The molecular mechanism
thatunderlies the contradictory effects of H2A.Z is poorly understood.

In yeast, these chromatin modifications are performed by two
separate multiprotein assemblies: the SWR1 complex introduces the

yeast homologue of H2A.Z, Htzl, into nucleosomes by ATP-dependent
exchange of H2A-H2B histone dimers for Htz1-H2B; and the NuA4
complex carries out the histone acetyltransferase activity (Extended
Data  Fig. 1). The yeast complexes are believed to act sequentially ina
coordinated manner, and their human analogues are bothincorporated
into TIP60-C. Structures of the yeast NuA4 and SWR1 complexes have
beenresolved by single-particle cryo-electron microscopy (cryo-EM)*%,
but how these two activities physically merge in human TIP60-C and
what this association entails are unknown. Here we present the 2.4-3.3 A
resolution cryo-EM structure of endogenous TIP60-C purified from
human cells. We complement the structure with a set of biochemical
tests toreveal itsimplications for the functional properties, mechanism
of action and recruitment to chromatin of TIP60-C. On the basis of
theseresults, we propose new perspectives for the outcome of H2A.Z
deposition. We thus provide a molecular framework for understand-
ing the activity of TIP60-C in DNA repair and transcription regulation
as well as its function in human diseases. Indeed, synthetic lethality
between TIP60-C and the SWI/SNF family of chromatin remodellersin
human cancer cell lines suggests that inhibiting TIP60-Cis an attractive
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therapeutic approach for the many cancer types in which SWI/SNF is
perturbed®.

Overall structure of TIP60-C

To isolate endogenous TIP60-C, we used CRISPR-Cas9 technology
to fuse an SBP-3xFlag affinity tag at the C terminus of subunit EPC1in
human erythroleukaemic K562 cells. The purified complex contained
allexpected subunits (Extended Data Fig. 2a,b) and included an H2A.Z-
H2B dimer in near stoichiometricamounts. The complex was subjected
to single-particle cryo-EM analysis (Extended Data Figs. 2c, 3a,d,f, 4,5
and 6a and Extended Data Table 1). Notably, we find that the density
map of TIP60-C is composed of three large subcomplexes instead of
the expected two (Fig. 1a). The SWRIL subcomplex is dominated by a
hetero-hexameric core of the RuvBL1 and RuvBL2 subunits as found
inyeast® (Fig. 1b). The C-lobe of the EP400 ATPase domain is bound
to the hexamer, and projects alarge extended insertion into it. The
Swc6-Arp6 dimer that appears in yeast at the hexamer face oppos-
ing the ATPase C-lobe is absent in TIP60-C, whereas an isolated ARP
(actin-related protein) is located beneath the hexamer base, where no
protein occurs in yeast. The second subcomplex, reminiscent of the
NuA4 core, is markedly diminished and rearranged with respect to
the yeast version (Fig. 1b). In particular, alarge robust neck domainin
yeast serves tostrongly couple the TRRAP homologue, Tral, tothe actin
module at the core of NuA4. In TIP60-C, the actin module, which com-
prises two ARPs (actin and actin-like protein 6A (ACL6A)), the DMAP1
subunitand the N-terminal part of the helicase-SANT-associated (HSA)
helix, sits on top of a highly dwindled small neck that shows very little
resemblance to its yeast counterpart. Furthermore, as a result of the
loss of amassive neck domainin TIP60-C, the 400-kDa TRRAP subunit
isnot tightly associated with NuA4L, butinstead constitutes aseparate
semi-autonomous third subcomplex located on the opposite side of
NuA4L when compared to yeast. Owing to this flexibility, our map of
TIP60-C does not resolve TRRAP well, and it appears as a large cloud
of density of roughly the expected size, next to the degenerate neck
domain (Extended Data Fig. 3d). Toinvestigate our interpretation of this
cloudasahighly mobile TRRAP, we reconstituted a three-dimensional
(3D) map of the holo-complex from negatively stained molecules.
Three-dimensional classification clearly shows a very large density
in different orientations around the neck (Extended Data Fig. 3b,c).
The more populated of these classes show clear structural features of
TRRAP, which could be fitted wellinto the maps (Extended DataFig. 3e).
Moreover, by focusing our image analysis on TRRAP, we could solve the
structure of this subcomplex by itself (Fig. 1). We find that the SANT
(Swi3-Ada-NCoR-TFIIIB) domain of subunit EP400 strongly associates

Fig.1|Architecture ofthe human TIP60-
EP400 complex (TIP60-C).a, Two views of the
composite cryo-EM map of endogenous human
TIP60-C.b, Corresponding views of the atomic
model of TIP60-C. Colours of subunits in maps
and models match the colours of their written
names. Dashed lines represent physical
connections thatare not visible in the maps.
ACT, actin.

with TRRAP, thus establishing that TRRAP is part of the holo-complex
and is connected to the NuA4L core through an 83-residue, unfolded
loop thatliesbetween the SANT domain and the part of EP400 embed-
ded in the NuA4L core. Next to the SANT domain we find a poorly
resolved additional large density, the shape of which fits that of the
KAT (lysine acetyltransferase) module (Extended Data Fig. 6b-e). The
maps of TRRAP and holo-TIP60 do not reveal a density that can unam-
biguously be attributed to the KAT module. This is probably a direct
result of the module’s high mobility, whichis afforded by its tethering
toNuA4L throughalong, unstructured EPCl1 linker of around 100 amino
acids, as was found in NuA4 in yeast*. Conformational analysis of the
TRRAP module identified a fraction of the particle population with a
density next to the EP400 SANT domain, into which the KAT module
couldbefitted (Extended DataFig. 6b,c). We thus hypothesized that this
density corresponds to the KAT module, which, inafraction of TIP60-C
particles, physically associates with TRRAP or the SANT domain. Such an
interaction has been detected previously and hasbeenshown to occur
andtoregulate KAT activity invivo". As for yeast NuA4, afew subunits are
notdetected inthe density mapsbecause they are flexibly bound to the
core. These are YEATS4 and the TINTIN module, which ‘read’ different
histone post-translational modifications. TRRAP, or its yeast homologue
Tral, serves as adocking platform for activators that recruit complexes
to specific chromatin loci*®. In SAGA and yeast NuA4, in which TRRAP
(Tral) is firmly coupled to the core, the enzymatic modules have been
endowed with inherent flexibility to reach their targets*. By contrast,
the TIP60-C ATPase lacks such dynamics, and arigid TRRAP would entail
afixed distance between the activator platform subunit and the active
site of the ATPase. This would leave no leeway for the ATPase to search
for its target nucleosome, apart from the flexibility afforded by the
activation domain of the recruiting transcription factor, which can be
minimal. It stands toreason, therefore, that TRRAP flexibility allows for
target searching by SWRIL.

Connecting the subcomplexes

Thestructure of TIP60-C reveals that the two enzymatic parts, SWRIL
and NuA4L, are firmly connected through several bridging elements.
The N-terminal domain of the YL1/VPS72 subunit holds the H2A.Z-
H2B dimer before its deposition into the nucleosome (Fig. 2a). More
toits C terminus, a long and extended region presenting a B-sheet
interacts with and intercalates between two protomers of the RuvBL1-
RuvBL2 hexamer (Fig. 2b,c). This extended region then crosses the
entire SWRIL part, to be followed by an additional compact domain
(residues 290-355) thatis not observed in yeast SWR1and comprises
a helix, a B-sheet with two strands and several structured loops.
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Fig.2|YL1glues SWRIL to NuA4L. a, Domain organization of YL1. The domain
boundaries are marked with residue numbers. The magenta parts represent
themodelled domains. b, Location of YL1within TIP60-C. ¢, Enlarged view of
theboxed areashowingtheinteraction of YL1withboth SWR1L and NuA4L.

This compact YL1 domain at the periphery of the supercomplex acts
as aglue that connects the SWRIL and NuA4L parts. One face of this
YL1domain packs against a 3-sheet from the base of a protomerinthe
RuvBL1-RuvBL2 hexamer, whereas its opposite face binds to aloop
and a helix from the DMAP1subunit, which isacomponent of NuA4L
where it envelopes the actin module.

By contributing to all three observed subcomplexes, the EP400
subunit serves as a scaffold that connects and coordinates them into
one supercomplex (Fig. 3a). The huge 400-kDa EP400 subunit is a
uniquely elongated, extended and spread-out protein. The N-terminal
part of EP400 is not resolved in our map but was shown to bind to the
highly flexible TINTIN module thatincludes several ‘readers’ of histone
marks'. The first residues of EP400 that are observed in our map form
ashort a-helix that, together with another short helix donated by the
DMAP1 subunit, constitutes the dwindled neck of NuA4L (Fig. 3b).
The helix is followed by aloop and then a 90-residue-long HSA helix
(residues 810-900) that emanates from the back of NuA4L, binds to
theactin and the ACTL6A subunits to form the actin module, traverses
thegap between the NuA4L and SWRIL parts and continues deep into
the SWR1part, whereit binds toathird ARP (Fig.3c). EP400 then folds
into the ATPase in a position identical to that found in the yeast SWR1
complex® (Fig. 3d). Following the long insertion that protrudes into
the RuvBL1-RuvBL2 hexamer, EP400 completes the ATPase C-lobe.
It then traverses again the gap that separates NuA4L from the ATPase
as a second long helix, hereafter named the counter-helix (Fig. 3c).
The counter-helixis nearly parallel to the HSA and, inits path beneath
the RuvBL1-RuvBL2 hexamer, binds to one of the hexamer subunits
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as well as to the YL1 subunit, thus contributing to the stability of the
supercomplex. EP400is then embedded again in the NuA4L core, form-
ing interactions with a YL1loop (residues 210-260) and several ele-
ments of EPC1and DMAP1to constructanew interaction hub (Fig. 3e).
Finally, EP400 extends out of NuA4L as along loop that reaches the
TRRAP subunit, where EP400 folds into the SANT domain (residues
2367-2479); thisis followed by aloop and two helices (C-HLX, residues
2493-2523) that envelope the FAT (helix repeats named after FRAP,
ATM and TRRAP) region of TRRAP (Fig. 3f).

Inall other members of the SWR1/INO8O family of chromatin remod-
ellers, the extended HSA helix, which houses three ARPs, forms a highly
mobile module placed at the periphery of the mainremodeller body and
is poorly resolved in the cryo-EM maps®® (Extended Data Fig. 7). This
mobile module was shown inINO80 to act as asensor for extranucleoso-
mal DNA, mainly through interaction with the HSA helix itself, whichis
crucial for the activity of these remodellers and regulates their recruit-
ment to chromatin®. Although the TIP60-C HSA module shares some
structural principles withits counterpartsin other INOS8O/SWRI1remod-
ellers, it also shows some key differences (Extended Data Fig. 7b-d).In
TIP60-C, thismoduleislocated at the centre of the holo-complex, and
itis fixed and well resolved in our maps. Most importantly, the TIP60-C
HSA is occluded all along its trajectory and probably cannot serve as
aDNA sensor (Fig. 3c and Extended Data Fig. 7c,d). The TIP60-C HSA
modulealso deviates fromits counterpartsinits architecture. In other
remodellers, the three ARPs are placed one next to another?, whereas
in TIP60-C thereis agap of 50 A between the second and third (isolated)
ARP, so that the first two are located in NuA4L whereas the third is
hosted in the SWRIL part. These differences must be reflected in how
these remodellers are recruited to chromatin, and we discuss this later.

Therearranged neck acts as aninteraction hub

The neck is a large region that coordinates all yeast NuA4 modules*.
This partis completely rearranged in the human complex and bears
little similarity to its yeast counterpart (Fig. 4a). The most prominent
feature in the yeast neck is a bundle of four long helices donated by
three intertwined subunits that serves to strongly couple the TRRAP
homologue, Tral, to the actin module at the core of NuA4 (Fig. 4d,e).
In the human version, we observe a highly degenerate design of this
bundle, formed by the weak interaction between two short EP400 and
DMAPI1 helices (Fig. 4a,b). Furthermore, whereas the rest of the yeast
neckis characterized by anintricate network of unfolded threads, our
structurerevealsthatin TIP60-C, the neckis dominated by a unique con-
struction made of eleven f3-strands, with some similarity to a 3-barrel
(Fig. 4c). This barrel-like module is composed of strands contributed by
all three neck subunits—namely, EP400, EPC1and DMAP1—-and forms
atightinteraction between these proteins. Moreover, this construc-
tion acts as a hub that coordinates not only other modules of NuA4L,
butalso the contactbetween NuA4L and SWRIL, as well as TRRAP. The
hubis the structured formationimmediately preceding the unfolded
EPC1 loop that extends towards the KAT module, and it also contains
the EP400 loop that leads to the SANT domain connecting to TRRAP.
The hub further interacts with the HSA helix and the ARPs. Finally,
this constructionimmediately succeeds the EP400 counter-helix that
returns from SWRIL, embedding EP400 back into NuA4L. The fully
rearranged neck domainis thus designed to interconnect NuA4L with
SWRIL as well as with TRRAP, and to conserve its role in coordinating
the functional TIP60-C modules.

Implications for function and mechanism

As we have shown, TIP60-C exhibits fundamental structural differ-
ences withrespect toits individual yeast counterparts. A completely
altered neck architecture and a mobile docking platform for activa-
tors sets it apart from NuA4. A static actin module placed close to the
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core and pointing towards the EP400 ATPase, an occluded HSA witha
specific spread of actins along the helix, as well as the absence of the
Swc6-Arp6 dimer, distinguish it from SWR1. To gain insight into how
these differences and the unique connections between the parts of the
supercomplex might affect the TIP60-C mechanism, we first modelleda
nucleosomeinto the SWRIL part of TIP60-C, guided by the structure of
yeast SWR1-nucleosome® (Fig. 5a). The modelled nucleosomeis clasped
between the ATPase, the last turns of the HSA helix and the third, iso-
lated, ARP thatis carried by the HSA (mass-spectrometry datasuggest

' g } y

e N

Fig.3|EP400 scaffolds the three TIP60-Clobes.
a, Domain organization of EP400. The domain
boundaries are marked with residue numbers, and
the coloured parts correspond to the modelled
domains. C-HLX, a-helix C-terminal of the SANT
domain. b, Representation of the EP400 domains
within TIP60-C. Colours of EP400 domainsasina.
c-f,Enlarged views of key EP400 domains (c, HSA,
ATPase N-lobe and counter-helix; d, ATPase C-lobe
RUVBinsert; e, interaction hub; and f, TRRAP
connection) and theirinteractions with TIP60-C
subunits.

TRRAP connection

that it is an additional copy of either ACTL6 or actin). We therefore
believe that the tip of the HSA helix, and possibly the third ARP, have
therole ofagrip, analogous to aremodeller witha mechanical motor®.
Sequence alignment shows that the tip of the HSA, also known as the
post-HSA, is the most conserved part of this helixamong all remodel-
lers, thus suggesting acommon function (Extended DataFig. 7a). It was
proposedinthe INO80 and SWR1remodellers that the grip maintains
the DNA and octamer in place as the ATPase motor pumps DNA into
the nucleosome, yielding a gradually growing strain in the DNA and

Fig.4|Comparisonbetween TIP60-Cand NuA4. a, Side view of TIP60-C
showingin colour the NuA4L lobe and the scaffolding EP400 subunit. b, Enlarged
view of the neck domain of human TIP60-Cboxedina. ¢, View of the B-barrel

interaction hub highlighted by dotted linesinb, and rotated by 45°.d, View of
yeast NuA4 in which the actin moduleis aligned on the ACL6A-ACT module of
NuA4L.e, Enlarged view of the neck domain of yeast NuA4 boxed ind.
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Fig.5|Function of TIP60-C. a, Nucleosome modelled into TIP60-C according
totheyeast SWR1structure®. Distances, and their approximate equivalent
lengths of linear DNA base pairs, from the exit site of DNA to the ARP subunits
aremarked.b, Incorporation of endogenous TIP60-C-bound H2A.Z-H2B into
60N34 nucleosomes (Nuc) inan ATP-dependent manner. H2A.Z incorporated
intothe nucleosome and H3 (control) are detected by western blots. Bars
represent the proportion of H2A.Zincorporated out of the total H2A.Zbound
to purified TIP60-C. ¢, The efficiency of H2A.Zincorporationincreases with
DNA linker length until 40 bp. ‘Widom’ denotes 147-bp nucleosome core
particles, and ‘xNy’ denotes nucleosomes with linker lengthsxand y.

causingadisruption of DNA-histone contacts that could drive histone
exchange?.Inthe INO80 and SWR1remodellers, the gripand ATPase are
located at opposite sides of the nucleosome disc, and are thus separated
by along stretch of DNA (Extended Data Fig. 7b). By contrast, the grip
and motor are separated by less than one DNA turnin TIP60-C, allowing
the development of considerable strainin the DNA with fewer ATPase
strokes. Furthermore, unlike INO80 or SWR1, the TIP60-C grip is able
to bind to two DNA segments as the HSA tip contacts nucleosomal
DNA closetoits dyad, and the third ARP associates with the DNA linker
(Fig. 5a). Notably, this position of the third ARP is similar to that of the
linker histone Hlin the chromatosome?. We suggest that disruptions
of DNA-histone contacts are accumulated and propagated differently
in TIP60-C, perhapsreflectingits wider range of activities, which also
include the incorporation of the H3.3 histone variant.

Other domains of TIP60-C that possibly bind to the nucleosome
DNA linker include the NuA4L actin module, which might contact DNA
located 95 A or around 30 bp from the nucleosome core (Fig. 5a). Tolend

768 | Nature | Vol 635 | 21 November 2024

Dotted lineindicates background levels of H2A.Z deposition.d, Incorporation
of exogenous H2A.Z-H2B presentin excess is stimulated by acetyl-CoA and is
notenhanced by nucleosome DNA linker longer than 41 bp. Bars represent the
proportionof H2A.Z incorporated into nucleosome out of the total H2A.Z
presentinthereaction.NAP1L1is a histone chaperone.e, TIP60-Cacetylation
of nucleosomes with either H2A or H2A.Z. Acetylation was detected by an
antibody for acetyl-lysine. Graphsinb-e represent the average measurement
ofthreeindependentreplicates (bars) withs.d. (error bars). Vertical linesind,e
represent the position where the original blots have been spliced.

supportto our placement of the nucleosome, we compared the H2A.Z
depositionactivity of TIP60-C on nucleosomes with varied DNA-linker
length. We first show that endogenously TIP60-C-bound H2A.Z is incor-
porated into nucleosomes with two long linkers in an ATP-dependent
manner (Fig. 5b). By contrast, nucleosomes with no linker (Widom)
yielded aH2A.Z deposition activity that was only slightly higher than
background (Fig. 5¢). A short 16-bp linker (16NO) already increased
the activity significantly, in line with our model, inwhich suchalinker
would form considerable interactions with the third ARP. Of note, it has
been shown that the conserved actin core of ARPs canindeed bind to
DNA’. Increasing the linker length to 41 bp (41INO) resulted ina further
substantial increase of exchange efficiency, supporting the likelihood
of additional DNA interactions with the NuA4L actin module. The YL1
homologue Swc2 has been shown to sense extranucleosomal DNA in
yeast SWRI (refs. 23,24). We cannot therefore exclude the possibility
that theincreased activity is partially due to enhanced YLI-DNAinterac-
tions, but it seems that Swc2 is mainly implicated inbinding longer free



DNA. Also, consistent with the third ARP binding to only one of the DNA
linkers, addition of a second linker (60N34) did not enhance activity.

Crucially, alinker longer than41bp (Fig. 5c,d) increased the remodel-
ling activity only very moderately (60NO,100NO). Thisisinsharp con-
trast to SWRI, inwhich amarked increase in activity is observed when
the linker DNA exceeds 40 bp (ref. 23), and to INO8O, in which only a
long linker allows the flexible actin module to bind to extranucleosomal
DNA and allosterically regulate the ATPase motor®. This points to fun-
damental differencesbetween TIP60-C,INO80 and SWR1in their mode
of recruitment to chromatin and their regulation. SWR1and its direct
human homologue SRCAP, which lacks aNuA4L part, are thought tobe
enlisted to chromatin through their high affinity to the long stretches of
free DNA (more than 40 bp) that occur at gene promoters®*.In INOSO,
and possibly SWR1, the mobile actin module senses such long stretches
to couple the ATPase motor to productive cycles?®*, Our biochemical
tests—whichdid not find any increase inactivity with long DNA—as well
asthestaticactin module and the position of the obstructed HSA helix
show that this is not the case for TIP60-C. Instead, the supercomplex
probably uses the TRRAP docking platform of transcription activators
for recruitment to specific DNA sites. TRRAP, or its yeast homologue
Tral, serve this role in NuA4 and SAGA. However, in these complexes,
TRRAPisfirmly boundto their cores, and flexibility is endowed to their
enzymatic modules*?. A highly dynamic TRRAP is probably neces-
sary in TIP60-C to allow the relatively rigid and fixed SWRIL part to
search for a suitable target. Furthermore, we observe much higher
H2A.Z exchange activity when acetyl-CoA is present in the reaction
mixture (Fig. 5d). This suggests that acetylation of H2A and H4 on the
nucleosome by TIP60-Citself stimulates exchange, in accordance with
previous findings in Drosophila and yeast”?%, We suggest therefore the
following order of events: TIP60-C is first recruited to chromatin by
activators binding to TRRAP; nucleosomes at long range around the
site of recruitmentare acetylated on H2A and H4, as was observed*? for
yeast NuA4; and TIP60-Crecognizes acetylated nucleosomes through
its BRD8 or YEATS4 subunits and exchanges H2A for H2A.Z. Notably,
we find that TIP60-C acetylates nucleosomes that already bear H2A.Z
much less efficiently, thus preserving its acetylation potential for nucle-
osomes that could undergo H2A to H2A.Z exchange (Fig. 5e).

SRCAP and TIP60-C are therefore wired to target different sites on
chromatin. Indeed, thereislittle overlap between the in vivo activities
ofthe complexes, because mutations in one cannot be compensated by
the other®’. We speculate that the contradictory roles of H2A.Z in pro-
moterscanbetraced, atleastin part, to the different machinery that was
used todepositit.Indeed, H2A.Z exchange by TIP60-C entails further
acetylation of histones, as well as non-histone targets and the recruit-
ment of additional factors, possibly leading to a different outcome as
compared with exchange performed by SRCAP. Merging exchange and
acetylation seems to be linked to cell-fate decisions and differentiation.
In certain circumstances, SWR1and NuA4 are joined even in unicellu-
lar organisms; for example, in polymorphic Candida albicans strains
during the reversible yeast-hyphae transition®. Although TIP60-C is
essential forembryonic development in mice®, conditional knockout
of Tip60 in differentiated liver cells has only moderate effects®.
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Methods

Establishment of the K562 cell line with a SBP-3xFlag-tagged
EPC1

Tocreate aK562 EPC1-SBP-3xFlag cell line, 2 x 10° K562 cells (obtained
from ATCC) were transfected by electroporation (Amaxa2D, program
X001; Lonza solution V) with 2 pg of pX458 plasmid expressing Cas9,
eGFP and guide RNA against the EPCI locus (targeting DNA cleavage
immediately 3’ to the EPC1STOP codon), and 9 pg of EPC1-SBP-3xFlag
donor plasmid. Directly after, transfected cells were treated with2 pM
M3814 (Selleckchem), a DNA-PK inhibitor**. Three days after trans-
fection, GFP-positive cells were sorted (BD FACS sorter Melody) and
single-cell-derived clones were screened by PCR and Sanger sequencing
for preciseintegration of the SBP-3xFlag tag at the EPCI locus. Expres-
sion of EPC1-SBP-3xFlag was confirmed by westernblot using anti-Flag
antibody (M2, Sigma Aldrich) and one of the K562 EPC1-SBP-3xFlag
clones, named K562 EPC1-SBP-3xFlag #1D1, was expanded for purifi-
cation of TIP60-C.

Purification of TIP60-C

The K562 cell line, in which the endogenous subunit EPC1 was fused
at the C terminus to an SBP-3xFlag affinity tag, was cultured in PRMI
medium supplemented with 10% calf serum and 50 pg ml™ gentamycin.
All of the following steps were performed at 0-4 °C. Six-litre cultures
were centrifuged (1,000g for 10 min). Nuclear extraction then followed
apreviously published protocol® with several modifications. Cell pel-
lets were first washed in cold phosphate-buffered saline (PBS) and then
in buffer K75 (10 mM HEPES, pH 7.9, 75 mM KCl, 1.5 mM MgCl,, 1 mM
DTT, 0.5 mM PMSF, 5 ug ml™ pepstaine A and 3 pg ml™ E64). Cell pel-
lets were resuspended in hypotonic KO buffer (10 mM HEPES, pH 7.9,
1.5 mMMgCl,,1 mMDTT, 0.5 mM PMSF, 5 ug ml™ pepstaine A, 3 pug ml™
E64 and ROCHE protease inhibitor cocktail) and homogenized ina
100-ml Dounce homogenizer. Sucrose was added (final 10% w/v) and
nuclei were pelleted for 25 min at 5,000g. Nuclear pellet was washed
once with sucrose buffer (10 mM HEPES, pH 7.9,1.5 mM MgCl,, 10 mM
KCI,1mMDTT, 0.5 mM PMSF, 5 ug ml™ pepstaine A, 3 pg ml™ E64 and
10% sucrose w/v). Nuclear pellets were resuspended in no-salt buffer
(20 mMHEPES, pH7.9,25%glycerol, 1.5 mMMgCl,,2 mMDTT, 0.5 mM
PMSF, 5 ug ml™ pepstaine A, 3 ug mI™ E64 and ROCHE protease inhibitor
cocktail) and homogenizedin a40-ml Dounce homogenizer. NaCl was
addedto afinal concentration of 0.3 M before a30-min incubation with
rotation. The nuclear extract was cleared by centrifugation (30,000g
for 30 min) and frozen in liquid nitrogen. Low concentrations of PEG
20,000 as well as5 mM MgCl, were added to precipitate some remain-
ingorganelles and membrane parts by ashort centrifugation (33,0008
for10 min). The PEG 20,000 concentration was thenincreased to 5-6%
and TIP60-C was precipitatedinasecond short centrifugationstep. The
pellet was resuspended in a minimal volume and was incubated with
anti-flag M2 agarose beads overnight in buffer A (20 mM HEPES pH
8.0,250 mMsodium chloride, 10% sucrose,2 mM MgCl,, 0.5 mM DTT,
0.5 mM PMSF, 5 pg ml™ pepstaine Aand 3 ug mI™" E64). The beads were
washed four times with buffer A supplemented with 0.05% Tween-20
and finally eluted with buffer A containing 150 pg ml™ 3xFlag pep-
tide. The eluate was either directly used for histone exchange assays
or further purified for cryo-EM. Elution from the Flag beads was mixed
with streptavidin beads and incubated for four hours. The beads were
washed three times with buffer B(20 mM HEPES pH 8.0,250 mM sodium
chloride, 10% sucrose, 2 mM MgCl,, 1mM DTT and 0.05% Tween-20)
and finally eluted with either buffer C (20 mM HEPES pH 8.0, 250 mM
sodium chloride, 10% sucrose, 2 mM MgCl,, 1 mM DTT, 20 mM biotin
and 0.05% Tween-20) for the in vitro acetylation activity test, or buffer
D (20 mM HEPES pH 8.0, 250 mM sodium chloride, 1% trehalose, 2 mM
MgCl,,1mM DTT, 20 mM biotin and 0.0025% dodecyl-maltoside) for
cryo-EManalysis. TIP60-C was flash-frozenin liquid nitrogen and stored
at-80 °C.

Reconstitution of histone octamers and preparation of
nucleosome DNA

Octamers werereconstituted fromindividual Xenopus laevis (canoni-
cal) orhuman (H2A.Z) histones expressed asinclusion bodies according
to the standard protocol**¥.

The biotinylated nucleosomal DNAs Widom, 16NO, 4INO, 60NO,
60N34 and 100NO were generated by PCR (‘xNy’ corresponds to
nucleosomes with linker lengths x and y). In-house purified Phusion
polymerase was used for the PCR reaction on the following template:

CGACGGCCAGTGAACCACGATTCGGTACTCGGGTTCTAGACCATGA
TTACGCCAAGCTTTTCCTATGACTCATCCAGTTCTGCAGGCGATCACT
ACATGCACAGGATGGCTAGCTCTGACACGTGCCTGGAGACTAGGGA
GTAATCCCCTTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGC
GTTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGG
CACCGGGATTCTCGCATCTAACTCCCGGGTGTGCCTATAAAAGGAT
(The Widom-601 positioning sequence is in bold and the Pstl restric-
tion site is underlined). The primers used for the PCR reactions were:
biotin-GGCGATCACTACATGCACAGGATGGCTAGC for the 16-bp linker,
biotin-AGCCGGAGGACAGTCCTCCGCTGCAGGCGATCACTACATGCAC
AGGATG for the 41-bp linker, biotin-GATTACGCCAAGCTTAGCCGG
AGGACAGTCCTCCGCTGCAGGCGATCACTACATGCACAGGATG for
the 60-bp linker, biotin-CGACGGCCAGTGAACCACGATTCGG for the
100-bp linker, TGCGAGAATCCCGGTGCCGAGGCCG for the 0-bp linker
reverse primer and ATCCTTTTATAGGCACACCCGGGAGTTAGATGCG
forthe 34-bplinker reverse primer. The PCR products were purified on
Macherey-Nagel nucleospin plasmid columns (ref. 740588.50; 1 column
per 0.5 ml PCR mixture) using solutions from Macherey-Nagel Gel and
PCR Clean-up kit (ref. 740609.50) according to PCR clean-up proto-
col. The eluted DNA was precipitated with 0.3 M sodium acetate and
70% ethanol. DNA pellet was dissolved in 1x TE buffer (10 mM Tris-HCI
pH7.5,1mMEDTA).

Reconstitution of nucleosomes

Nucleosomes with a 147-bp Widom-601 positioning sequence with
linkers of different length were prepared according to the NEB Dilu-
tion Assembly Protocol (E5350) (https://international.neb.com/
protocols/2012/06/02/dilution-assembly-protocol-e5350) with
the following modifications: 2.75 pM DNA was mixed with 2.75 uM
canonical or H2A.Z histone octamers in a solution containing 2 M
NaCl,1 mM EDTA and 5 mM -mercaptoethanol. The solution was
incubated for 30 minatroomtemperature and then underwent serial
dilutions down to 1.48 M, 1M, 0.6 M and 0.25 M NaCl with low-salt
buffer (10 mM HEPES-KOH pH 8.0 and 2.5 mM B-mercaptoethanol).
After eachdilution, the solution wasincubated at room temperature
for 30 min. To reduce the final NaCl concentration, nucleosomes
were concentrated in 0.5-ml 100-kDa cut-off Amicon Ultra filter
up to 100 pl, then diluted five times with low-salt buffer. This step
was repeated one more time. Finally, nucleosomes were concen-
trated to 3-4 pM and analysed in a 5% native 0.2x TBE polyacryla-
mide gel to ascertain the quality of the sample and the absence of
free DNA.

Reconstitution of the H2A.Z-H2B dimer

Two milligrams of lyophilized monomers of H2A.Z and H2B were
dissolved in 7 M guanidine hydrochloride, 20 mM Tris pH 7.5 and
10 mM DTT at room temperature, and mixed in stoichiomet-
ric amounts. The mixture was dialysed against three changes of
refolding buffer (10 mM Tris pH 7.5,2 M NaCl,1 mM EDTA and 7 mM
B-mercaptoethanol), and H2A.Z-H2B dimer was purified over a Super-
dex 200 column (GE Healthcare) pre-equilibrated with GF buffer
(20 mM Tris pH 7.5,2 M NaCl, 1 mM EDTA and 0.5 mM TCEP). Glyc-
erol was added (final concentration 20% w/v) to H2A.Z-H2B dimers,
which were then aliquoted, flash-frozen in liquid nitrogen and stored
at-80 °C.
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Histone acetyltransferase assay

Reactions were performedin20 mMHEPES (pH 7.5), 50 mM NaCl, 50 pM
acetyl-CoA, 0.1 mg ml™ BSA, 2 mM MgCl,, 0.2 mM TCEP, 1 uM ZnSO,,
5 puMtrichostatin A,10% (v/v) glycerol and 1 pM nucleosome. The reac-
tions were initiated by adding 10 nM TIP60-C. After an incubation at
30 °C for 30 min, the reactions were stopped by adding SDS loading
bufferand heating at 95 °C for 3 min. Proteins were then resolved by 15%
SDS-PAGE and analysed by westernblot, applying a primary antibody
againstacetylated lysine (Cell Signaling Technology, 9441S). The levels
of histone H3 revealed by primary antibodies (Cell Signaling Technol-
ogy, 14269) were used as a control.

Histone exchange assay

To test whether the TIP60-C-bound H2A.Z-H2B (that is, endogenous
histones that are part of the purified complex) can be incorporated by
TIP60-Cinto nucleosomes, 200 nM of biotinylated mono-nucleosomes
withtheindicated DNA linker length were mixed with 20 nM TIP60-Cin
20 pl histone exchange buffer (20 mM HEPES, pH 7.5, 50 mM NacCl, 5 mM
MgCL,, 10% glycerol, 0.1 mg mI™ BSA,1 mM ATP or ATPyS and 0.05%
Tween-20), and incubated at 30 °C for 2 h. lonic strength was increased
by the addition of 0.6 pl 5 M NaCl to prevent non-specific association
of TIP60-C with beads and the reaction mix was then incubated (6 °C,
30 min, 1,250 rpm shaking in ThermoMixer C) with 6 pl streptavidin
magnetic beads (Thermo Fisher Scientific, 88816) pre-equilibrated
withwashing buffer 20 mM HEPES, pH 7.5,250 mM NaCl, 5 mM MgCl,,
10% glycerol, 0.1 mg mI™ BSA and 0.05% Tween-20). Beads were then
pelleted and resuspended in 50 pl washing buffer with 2 mM ATPyS
for 5 min at room temperature to further eliminate any non-specific
association of TIP60-C. After three times of washing as above, 10 pl of
1xSDSloading buffer was added and heated at 95 °C for 3 min. Proteins
were then resolved by 15% SDS-PAGE that was followed by a western
blotwitha primary antibody against H2A.Z (Cell Signaling Technology,
2718). Westernblot using primary antibody against H3 (Cell Signaling
Technology, 14269) was done as control.

When testing H2A.Z exchange by TIP60-C in the presence of excess
H2A.Z-H2B dimers, we encountered the difficulty presented by
high-background due to non-specific binding of H2A.Z to nucleosome
linker DNA as well as to salmon sperm DNA that associates with the
beads?. To overcome thisissue, we took advantage of a Pstlsite located on
thelong DNAlinker close to the nucleosome core. Cutting withthe restric-
tionenzymereleased the core nucleosome fromthebeads, carrying with
itonly traces of non-specifically bound H2A.Z. For each reaction, 200 nM
of biotinylated mono-nucleosomes were mixed with20 nM TIP60-Cand
400 nM H2A.Z-H2B dimer in 20 pl histone exchange buffer (20 mM
HEPES, pH7.5,50 mMNaCl, 5 mMMgCL,,10% glycerol, 0.1 mg mI™BSA,
1 mM ATP and 0.05% Tween-20, with or without 50 pM acetyl-CoA),
and incubated at 30 °C for 2 h. Two microlitres of quenching solution
(4 mg ml™ salmon sperm DNA, 100 mM EDTA and 10 mM ATPYS) was
added, andincubated at 37 °Cfor 30 min. The reaction mixture was then
incubated with 6 pl streptavidin magnetic beadsfor 30 minat 6 °C. Beads
were pelleted and then resuspended in 50 pl washing buffer for 5 min
atroom temperature. After three washes, 20 pl of restriction enzyme
solution (20 MM HEPES, pH7.5,50 mM NaCl, 5 mM MgCl,,10% glycerol,
0.1mg mI™BSA, 0.05% Tween-20 and 20 U Pstl-HF) was added, and incu-
batedat37 °Cfor1hat1,250 rpminaThermoMixer C (Eppendorf). The
supernatant containing thereleased nucleosomeswas collected, mixed
with SDS loading buffer and heated at 95 °C for 3 min. The results were
analysed by western blot as above. Quantification of signal intensity was
performed on digitally acquired images (ImageQuant 800, Cytiva Life
Sciences) by ImageJ. All statistical tests were performed using Prism.

Cryo-EM sample preparation and data acquisition
Three microlitres of sample was applied onto a holey gold grid (UltrAu-
Foil R1.2/1.3 300 mesh) rendered hydrophilic by a 90-s treatment in

aFischione 1070 plasma cleaner operating at 34% power with a gas
mixture of 80% argon:20% oxygen. The grid was blotted for1.5 sat blot
force 8 andflash-frozeninliquid ethane using a Vitrobot Mark IV (FEI) at
4 °Cand 95-100% humidity. Two different datasets were collected. The
firstdataset was acquired ona Cs-corrected Titan Krios (Thermo Fisher
Scientific) microscope operating at 300 kV in nanoprobe mode using
serialEM for automated data collection®. Movie frames were recorded
onaGatanK3direct electron detector aftera Quantum LS 967 energy
filter using a20-eVsslit widthin zero-loss mode. Images were acquired
hardware-binned atanominal magnification of 81,000%, which yielded
apixel size of 0.862 A. Forty movie frames were recorded at a dose of
1.12and 1.30 e~ per A? per frame. To improve resolution on the SWR1L
and NuA4L parts, asecond image dataset was acquired ona Titan Krios
G4 microscope operating at 300 kV in nanoprobe mode using SerialEM
for automated data collection. Movie frames were recorded on a Fla-
con 4idirectelectron detector after a Selectris X energy filter using a
10-eVsslit widthin zero-loss mode. Images were acquired at anominal
magnification of 165,000x, which yielded a pixel size of 0.73 A.

Image processing

For the first dataset, WARP was used to perform the initial pre-
processing steps, align movie frames, perform dose-weighting, cor-
rect the beam-induced specimen motion and estimate the contrast
transfer function (CTF)*. After visual inspection, images with poor
CTF, showing particle aggregation or abundantice contamination were
discarded. The second dataset was pre-processed using cryoSPARC*.
Particle coordinates were determined using crYOLO* for both data-
sets. The datasets were analysed in RELION-3.1(ref. 42) and cryoSPARC
accordingtostandard protocols. In brief, three rounds of reference-free
two-dimensional (2D) classification of the individual particle images
were performed in cryoSPARC to remove images corresponding to
contaminating or damaged particles and ice contaminations. Refer-
ences (3D models) were generated by the ab initio 3D reconstruction
program of cryoSPARC. These structures were then used as references
for 3D classification jobs in cryoSPARC and particles corresponding
to high-resolution 3D classes were selected and used for non-uniform
refinement. Refined particles were subjected to 3D classification in
RELION without alignment using various regularization parameter (T)
values. Particles corresponding to high-resolution classes were used in
the subsequent non-uniformrefinementin cryoSPARC. We performed
afocused refinement of different parts of TIP60-C as follows. Particles
were binned to a pixel size of 2 A and were subjected to 3D classifica-
tions in RELION using masks. After visual inspection, particles corre-
sponding to the best classes were refined in cryoSPARC locally with a
mask covering theregion of interest. Global resolution estimates were
determined usingthe Fourier shell correlation (FSC) = 0.143 criterion
after agold-standard refinement. Local resolutions were estimated with
cryoSPARC. To analyse the heterogeneity in the cryo-EM map owing
to the presence of the flexible TRRAP module (430 kDa), we used the
neural-network-based cryoDRGN** and OPUS-DSD* reconstruction to
map the particles on two principal components. We partitioned the
latent space into 20 regions and a density map was generated from
the centre of each region.

Model building

RuvBL1-RuvBL2 hexamer was extracted from the human INO80O-
nucleosome structure (Protein Data Bank (PDB) 6HTS), placed into
the map by rigid body fitting in Chimera* and used as a starting point
formanual editing in Coot*. The EP400 ATPase C-lobe was modelledin
AlphaFold*, docked into the map by ADP_EM*® and manually adjusted
according to density. The EP400 insertion into the hexamer was then
manually built. This was facilitated by secondary structure predic-
tion in RaptorX*. The ATPase N-lobe was modelled in AlphaFold and
docked by ADP_EM into the map generated by focused refinement
of this region in SWRIL. An actin molecule was docked into the same
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map as the third ARP. Mass spectrometry suggests that this protein
is an additional copy of either actin or ACTL6A. The TRRAP structure
was extracted from PDB 7KTR and fitted into the corresponding map.
Manual adjustment of TRRAP and building of some additional loops,
where density was clearly visible, were carried out. The structure of
yeast NuA4 (PDB 7ZVW) served as astarting point for building the actin
module. Therest ofthe NuA4L core and the novel interaction hub were
manually builtinto amap generated by focused refinement on NuA4L.
Manual model building was guided by secondary structure predic-
tion and the density of bulky side chains (Lys, His, Arg, Phe, Tyr and
Trp). The YL1- VPS71subunit was also manually built, as were the HSA
helix and the counter-helix. The atomic model was refined in PHENIX
by real-space refinement with secondary structure restrains*® and in
Isolde®. All display images were generated using ChimeraX®.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The experimental cryo-EM maps have been deposited in the Electron
Microscopy Data Bank (EMBD) under accession codes EMD-18581, EMD-
18591, EMD-18597, EMD-18598, EMD-18612, EMD-18613, EMD-18618 and
EMD-18794. Two composite maps were also deposited for TIP60-C
(EMDB-18611) and the TRRAP module (EMDB-18619). The model coor-
dinates for the TIP60-C core and the TRRAP module derived from the
composite maps have been deposited in the PDB database under the
accession codes 8QR1and 8QRI, respectively.
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Extended DataFig.1|Subunitand domainorganization of the TIP60-C-
related complexes. a, Subunit composition of the Saccharomyces cerevisiae

(Sc) SWR1and NuA4 complexes, the Human (Hs) TIP60-C and SRCAP complexes.

b, TIP60-C subunits are organized into an enzymatic KAT module,aRUVBL1/
RUVBL2 helicase module, anactivator-binding TRRAP module, an actin
module, a TINTIN moduleinterconnected by a EP400 scaffolding module.
Proteindomains are abbreviated as follows: YEATS (Yaf9, ENL, AF9, Taf14, Sas5
domain), SANT (Swi3, Ada2, N-Cor, TFIIIB domain), DIS (disordered region),
HSA (Helicase SANT associated), MYST (MOZ, Ybf2/Sas3, Sas2, Tip60 family

of Histone Acetyl Transferase), PHD (plant homeodomain), HEAT (x-helical
repeats found in Huntingtin, Elongation factor 3, Protein phosphatase 2A

and Tor kinase), FAT (four helix bundle found in FRAP, ATM and TRRAP), FATC
(kinase domainimportant for assembly). TINTIN (Trimer Independent of
NuA4involvedin Transcription Interactions with Nucleosomes), Tudor
(methyl-lysine and methyl-arginine binding domain), Znf (zinc-finger motif),
MBT (malignant brain tumour domain), C-HLX (C-terminal EP400 helix formed
by residues 2511-2523), bromo (acetyl-lysine binding bromodomain), MRG,
(MORF-related gene domain).
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Extended DataFig.2|Biochemical characterization of TIP60-C. a, Colloidal  valuesnormalized by subunitlength (NSAFs) and, as an estimate of the

Coomassie blue stained SDS-PAGE analysis of the TIP60-C complex purified stoichiometry, the NSAF value normalized to tagged EPC1. Note that the table
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Extended DataFig. 3| Structural characterization of TIP60-C.

a, Characteristic 2D class averages obtained after CryoSPARC image
classification. b, Characteristic 2D class averages obtained from classification
ofthe negative stained dataset of TIP60-C. ¢, 3D classification chart of the
negative stain dataset of Tip60-C. The class chosen for fitis highlighted witha
circle.d, Major 3D class average obtained from the negative stained dataset of
TIP60-C, designated as1, and 19 representative OPUS-DSD** 3D class averages
ofthe cryo dataset showingthe flexible attachment of the TRRAP module to
the SWRI1L and NuA4L parts of TIP60-C. e, Fitting of holo-TIP60-C, including

TRRAP, intoa3D class average from negative stained analysis. f, Representative
OPUS-DSD* 3D class average with an additional density at similar location as
inthe negative stain class. The density next to NuA4L assumes many different
orientationsbothincryo-EM and negative stain. We chose one orientation,
outofmany, fromcryo-EMto show that this mobile density is bigenough to
accommodate TRRAP. We show another orientation from negative stain to
ascertain that this mobile density corresponds to TRRAP as it shows the
distinctive features of TRRAP.
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Extended DataFig. 5| Cryo-EM data-analysis strategy and resolution
assessment for dataset 2. Flow chartillustrating the key image analysis steps
thatresultedinthreelocally refined maps with higher resolution: Overall
refined TIP60-C (EMDB-18581), RUVB refined (EMDB-18591), and ARP refined
(EMDB-18598). Rainbow-coloured maps represent the local resolution of the
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Extended DataFig. 6 | NuA4L high-resolution features and localization of
theflexible KAT module. a, High-resolution features in the local refinement
map focusing on NuA4L.b, Representative cryoDRGN 3D class averages of
asub-population of the TRRAP module showing a flexible domain (red)
contacting the TRRAP subunit (blue). ¢, Docking of an AlphaFold model of the

enzymatic KAT module into the TRRAP module obtained from the cryo dataset
analysis. The AlphaFold-multimer model generated” is highly homologous to
the yeast KAT module (PDB: 5)9U)*. d, Docking of the AlphaFold model of the
enzymatic KAT module into the TRRAP module obtained from the negative
stain dataset analysis. e, Enlarged and rotated view of the dockingind.
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Extended DataFig.7|Position of the HSA helix and spread of the ARPs.
a,Sequence alignment of the HSA helix found in the ATPase subunit of major
chromatinremodeller classes: EP400, SRCAP, SWR1,INO80, SMARCA4,
Snf2 and Sth1. ARP-binding sites along the HSA helices are derived from

the corresponding atomic models, when available. The Post-HSA motif is
highlighted and aconservation profileis shown. b, Schematic representation
showing therelative positions of the HSA helices, the HSA-bound ARP

molecules (green), the hetero-hexameric RuvBL1/RuvBL2 assembly (blue),
the ATPase (red) and the ARP grip (yellow) inthe INO80, SWR1and TIP60-C
complexes. Double-headed arrows indicate the flexibility of the HSA helix.

c, Position of the ARP molecules and extranucleosomallong DNA linker in
INO80 (PDB 8A5A). d, Distribution of the ARP moleculesin TIP60-C. DNAwas
simulated accordingto c. The counter-helix sterically prevents DNA binding
tothe HSA.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

#1 Titan-K3 #2 Titan-Falcon4
(EMD-18612,18613,18618,18619,18794) (EMD-18581,18591,18597,18598,18611)
(PDB 8QRI) (PDB 8QR1)

Data collection
and processing
Magnification 105000 165000
Voltage (kV) 300 300
Electron exposure
(e~/ AZ) 52 41
Defocus range 1435
(1m)
Pixel size (A) 0.862 0.73
Symmetry imposed Cl Cl
Initial particle 461,262 284,286
images (no.)
EMD- 18612 | 18613 | 18618 | 18619 | 18794 | 18581 | 18591 | 18598 | 18611 | 18597
Final particle 181,210 21,698 180,397 37,294
images (no.)
Map resolution (A)

FSC 0.143 3.52 3.37 4.32 3.5 6.2 2.52 2.43 2.48 24 5.81
Map resolution 4.2- 5.0-

3.0-8.9 3.0-8.9 3.6-8.7 3.0-8.9 1.6-7.5 1.6-7.8 2.3-8.2 1.6-8.2

range (A) 13.6 13.1
Refinement 8QRI 8QR1
Initial model used
(PDB code)
Model resolution
(A) FsC0.5 38 29
Model
composition
Non-hydrogen 27,204 39,353
atoms.
Protein residues 3380 5031
B factors (A2)

Protein 162.38 146.44
R.m.s. deviations

Bond lengths (A) 0.004 0.007

Bond angles (°) 0.993 1.221
Validation

Cashscore 187 108

Poor rotamers 78 1.14
%) 0.2 0.66
Ramachandran
plot

Favored (%) 93.11 96.09

Allowed (%) 6.8 3.63

0.09 0.28

Disallowed (%)
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Data exclusions  After 2-D classification, images corresponding to false particles or to dammages particles were excluded
Replication Biochemical experiments were performed in triplicates and all attempts were successfull
Randomization  All particles in the raw images were selected and analysed to ensure a unbiaised initial particle population
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Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.
Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the

rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.
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Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.




Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale | /ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? [ ] ves [ Ino

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).
Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [J|[] chip-seq
Eukaryotic cell lines D |:| Flow cytometry
Palaeontology and archaeology D |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

OOoooO0odos
OooooOoQ

Dual use research of concern

Antibodies

Antibodies used Describe all antibodies used in the study; as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) State the source of each cell line used.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.
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Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines Name any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For laboratory animals, report species, strain, sex and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field, report species, sex and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method, if released,
say where and when) OR state that the study did not involve wild animals.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration | Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.
Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.
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Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

D National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

XX XXX XXX &
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Any other potentially harmful combination of experiments and agents

ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable” for "Final submission" documents.
Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChlP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot
number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community

repository, provide accession details.




Flow Cytometry

Plots

Confirm that:
D The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
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Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Instrument Identify the instrument used for data collection, specifying make and model number.
Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a

community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

D Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ]Used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).




Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: D Whole brain |:| ROl-based |:| Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
D D Functional and/or effective connectivity

D D Graph analysis

D D Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,

mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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