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BIOCHEMISTRY

SMARCAD1 is an ATP-dependent histone
octamer exchange factor with de novo nucleosome

assembly activity

Jonathan Markert', Keda Zhou', Karolin Luger”z*

The adenosine 5'-triphosphate (ATP)-dependent chromatin remodeler SMARCAD1 acts on nucleosomes during
DNA replication, repair, and transcription, but despite its implication in disease, information on its function and
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biochemical activities is scarce. Chromatin remodelers use the energy of ATP hydrolysis to slide nucleosomes,
evict histones, or exchange histone variants. Here, we show that SMARCAD1 transfers the entire histone octamer
from one DNA segment to another in an ATP-dependent manner but is also capable of de novo nucleosome
assembly from histone octamer because of its ability to simultaneously bind all histones. We present a low-resolution
cryo—electron microscopy structure of SMARCAD1 in complex with a nucleosome and show that the adenosine
triphosphatase domains engage their substrate unlike any other chromatin remodeler. Our biochemical and
structural data provide mechanistic insights into SMARCAD1-induced nucleosome disassembly and reassembly.

INTRODUCTION

DNA in eukaryotic cells is packaged by wrapping around octamers
of the four core histones (H2A-H2B and H3-H4) to form nucleo-
somes (1). These present a major barrier to DNA-dependent poly-
merases during transcription, replication, and repair. Adenosine
5’-triphosphate (ATP)-dependent chromatin remodelers slide, evict,
or transfer (“exchange”) histones to either space nucleosomes to
locally increase DNA accessibility or to incorporate histone variants
in place of major-type histones (2). The reactions catalyzed by the
various remodelers, and their outcomes, depend on the type of re-
modeler and on the assays and substrates used. For example, SWI2/
SNE2-Related 1 Chromatin Remodeling Complex (SWRI1) recognizes
H2A containing nucleosomes and, in the presence of H2A.Z and
ATP, removes H2A-H2B and replaces it with a histone variant dimer
H2A.Z-H2B (histone exchange) (3). Inositol auxotrophy 80 complex
(INOB8O0), which is closely related to SWR1, slides nucleosomes along
the DNA (4), while Remodeling the Structure of Chromatin com-
plex slides nucleosomes but can also evict the histone octamer from
DNA under certain conditions (5).

SMARCADI is a member of the INO80 family that is found
throughout the genome and is implicated in DNA replication, tran-
scription, and DNA damage repair (6-14). SMARCAD1 is of thera-
peutic interest because of its up-regulation and/or mutation in
pancreatic and breast cancer (15, 16). Human SMARCADI consists
of two N-terminal Coupling of Ubiquitin to ER degradation (CUE)
domains and a split catalytic domain [consisting of adenosine tri-
phosphatase 1 (ATPase 1) and ATPase 2] that are connected by an
extended loop that led to its classification into the INO80 family
(17, 18). The N-terminal CUE domains (specifically CUE 1) interact
with binding partners to help recruit SMARCAD1 throughout the
genome (19, 20), while the C-terminal catalytic domain is required
for maintaining genome integrity (21, 22). While progress has been
made regarding biological function, little is known about overall struc-
ture and interactions of human SMARCAD], and only a few functional
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studies have been published with the Saccharomyces cerevisiae and
Schizosaccharomyces pombe homologs Fun30 and Fft3. Fft3 is found
at open reading frames of S. pombe genes and contributes to the
eviction of histones from actively transcribed genes (23), while Fun30
and human SMARCADI appear to be primarily involved in histone
eviction near sites of DNA damage to allow resection (14, 24). Fun30
has also been implicated in telomeric silencing in yeast (6, 25, 26)
and in the maintenance of heterochromatin (27). A recent role in
maintaining replication fork stability has also been suggested (28).
Fun30 has low nucleosome sliding activity but evicts and exchanges
histone H2A-H2B dimers (and, to a lesser extent, entire histone
octamer) between different DNA segments (29).

RESULTS

Recombinant SMARCAD1 requires dephosphorylation

to bind nucleosomes

We purified SMARCADI1 (Fig. 1A) from Sf9 insect cells using the
Bac-to-Bac baculovirus expression system (Fig. 1B). Using size exclusion
chromatography coupled to multiangle light scattering (SEC-MALS),
we determined that SMARCADI1 is a monomer with an apparent
molecular weight of 129.5 kDa (fig. S1). Initial attempts to demon-
strate interactions between SMARCAD1 and various nucleosome
substrates were not successful. Because other remodelers are known
to be regulated by Post-Translational Modifications (PTMs) (30, 31),
we analyzed SMARCADI1 for modifications that might have been
added during expression in insect cells. Trypsin-digested SMARCAD1
was analyzed for phosphorylation sites (STY), and 23 sites were
identified in the N terminus of SMARCADI1 (Fig. 1B). No sites were
identified in the predicted ATPase domains.

Because phosphorylation of the Brahma-Associated Factor com-
plex (BAF) complex is known to regulate its activity (30), we tested
whether this was also the case for SMARCADI. Phosphates were
removed with calf intestinal alkaline phosphatase (CIP) followed by
further purification. Dephosphorylated SMARCADI (from here on
termed SMARCAD1) migrates with phosphorylated SMARCAD1
(pPSMARCAD1) on SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) (Fig. 1B). Gel shift assays revealed a profound difference in
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Fig. 1. SMARCAD1 purified from Sf9 cells is phosphorylated and requires dephosphorylation to bind nucleosomes. (A) Four known domains of SMARCAD1.
(B) Purification scheme for phosphorylated and dephosphorylated SMARCAD1 (P and dP), and SDS-PAGE of purified proteins. Twenty-three phosphorylation sites were
identified using MaxQuant. CIP, calf intestinal alkaline phosphatase. (C) Five percent native tris-borate EDTA (TBE) gel of 165-bp nucleosome (7 N11; 100 nM) mixed with
0, 100, or 1800 nM P SMARCAD1 or dP SMARCAD1. dP SMARCAD1 (1800 nM) binds the nucleosome as indicated by the upshift of the nucleosome band. (D) FP assay of
P SMARCAD1 or dP SMARCAD1 (0 to 2500 nM) with 20 nM Alexa Fluor 488-labeled 7 N11 nucleosome. Dissociation constant (Kp) of P SMARCAD1 could not be determined;

dP SMARCAD1 Kpnuc =90+ 9 nM. Kp and SE were determined from three replicates.

nucleosome binding activity between SMARCAD1 and pSMARCADI.
While pPSMARCAD1 was unable to bind to DNA, or to a nucleosome
reconstituted onto a 165-base pair (bp) DNA fragment (consisting
of the 601 positioning sequence with 7 and 11 bp of DNA extending
on either side; “7 N11”), SMARCADI caused a nucleosome shift in
native PAGE (Fig. 1C). We quantified the interaction using a fluo-
rescence polarization (FP) assay. A 7 N11 nucleosome was fluores-
cently labeled at H4 E63C with an Alexa Fluor 488 maleimide
fluorophore. SMARCAD1 or pPSMARCAD1 were then titrated, and
the increase in FP signal was plotted (Fig. 1D). SMARCAD1 bound
with an affinity of Kp pye = 90 + 9 nM, while pSMARCADI] exhibited

Markert et al., Sci. Adv. 2021; 7 : eabk2380 15 October 2021

no binding. Because the ability of a remodeler to bind nucleosome
is essential for its functions, all subsequent experiments were per-
formed with dephosphorylated SMARCADI.

SMARCAD1 prefers nucleosomes over free DNA for

ATPase activation and exchanges histone octamers

inan ATP-dependent manner

To test whether SMARCADI1 prefers nucleosomes over free DNA,
we used the same FP assay as described in Fig. 1D, except that the
nucleosome was labeled at H2B T115C with Alexa Fluor 488, and a
147-bp DNA fragment was labeled with Alexa Fluor 488. SMARCAD1
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Fig. 2. SMARCAD?1 is an ATP-dependent chromatin remodeler with histone exchange activity. (A) FP assay of SMARCAD1 (0 to 2500 nM) with 10 nM Alexa Fluor
488-labeled 7 N11 nucleosome or 10 nM Alexa Fluor 488-labeled 147-bp DNA. Kpnuc = 160 £ 10 nM; Kp, pna =80+ 10 nM. Kp and SE were determined from three replicates.
(B) ATP hydrolysis assay of SMARCAD1 (100 nM) with 7 N11 nucleosome (0 to 1000 nM) or 165-bp DNA (0 to 1000 nM). SE bars on graph were determined from three
replicates. (C) Schematic of histone exchange assay. SMARCAD1 (3 uM) was mixed with Atto647-labeled trinucleosomes [(30N60N60N30] (75 nM trinucleosome/225 nM
mononucleosome) and 147-bp acceptor DNA (1.5 uM). Reactions were initiated with the addition of 1 mM ATP and quenched at indicated time points (fig. S3) with EDTA
followed by visualization on a 5% native TBE gel. (D) Five percent native TBE gel of histone exchange assay [described in (C)] shows that in the absence of ATP (for 60-min
time point), little H2B-647 or H4-647 is exchanged. When ATP is added and reaction is allowed to proceed 0 to 60 min, there is an increase in exchange, and product corre-
sponds to nucleosome control. (E) Quantification of (D). SMARCAD1 exchanges both Atto647 H4 (kopsHa=2.2+0.2 X 1073s7") and Atto647 H2B (KobsH28=2.3+0.1 % 10735 at

the same rate. kops and SE were obtained from five replicates.

binds nucleosomes and DNA with similar affinities (Fig. 2A and
flg 82) (KD,Nuc =160 + 10 nM; KD,DNA =80 = 10 nM; also
compare with the value for a different SMARCADI prep of Kp pyc =
90 + 9 nM stated above).

Because all remodelers make several contacts with DNA (2), the
ability of SMARCADI to bind free DNA is expected. To compare
the potency of nucleosomes and free DNA in activating SMARCAD1
catalytic activity, we used an assay that couples ATP hydrolysis to
NADH (reduced form of nicotinamide adenine dinucleotide)
oxidation (Fig. 2B) (4). Addition of increasing amounts of DNA results
in only a subtle increase in ATP hydrolysis, whereas nucleosome
addition greatly stimulates ATP hydrolysis. Thus, despite the similar
affinity for DNA and nucleosomes, the nucleosomes are much more
potent than DNA in activating SMARCADI catalytic activity.

In vitro, Fun30 promotes histone exchange rather than sliding
(29), while Fft3 evicts histones in actively transcribed regions (23).
To test whether SMARCADI1 exhibits histone exchange activity, we
prepared trinucleosomes (Fig. 2C) with either H2B or H4 carrying
a fluorescent label. SMARCADI1 and 147-bp acceptor DNA were
added; reactions were initiated by the addition of ATP and
quenched with EDTA after the indicated times. The rate of histone
transfer from trinucleosomes onto 147-bp acceptor DNA was de-
termined by quantifying the appearance of a fluorescently labeled

Markert et al., Sci. Adv. 2021; 7 : eabk2380 15 October 2021

mononucleosome (Fig. 2, D and E, and fig. S3). In the absence of
ATP, no histones were transferred, while in the presence of ATP,
both H2B and H4 were transferred onto acceptor DNA to form
particles that migrate like the nucleosome control. Intriguingly,
both H2B and H4 are transferred to form mononucleosomes at
identical rates (Fig. 2E), suggesting that the two histones are trans-
ferred together.

SMARCAD?1 binds histones in the absence of DNA
and functions as a nucleosome assembly factor
Our data predict that SMARCADI should bind histones in the
absence of DNA, and this was tested using FP. Refolded histones
(H3-H4* and H2A-H2B*, labeled* with Alexa Fluor 488) were mixed
separately and incubated with increasing amounts of SMARCAD1
(Fig. 3, A and B). The observed increase in FP for H3H4 (Fig. 3A;
Kpmsna=4+1 nM) and H2AH2B (Flg 3B; Kp,iaan2s =10 £ 2 nM)
reveals that SMARCADI1 interacts with individual histones.
Because H3H4 and H2AH2B are exchanged at the same rate
(Fig. 2E), our data also suggest that SMARCADI simultaneously
binds all histones in the absence of DNA. This was tested using
fluorescence resonance energy transfer (FRET). Histones H3-H4
and H2A-H2B do not interact under physiological conditions in
the absence of DNA. Refolded histones (H3-H4* and H2A-H2B*,
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Fig. 3. SMARCAD1 binds histones and assembles nucleosomes independently of ATP. (A) FP assay reveals SMARCAD?1 (0 to 156 nM) binds H3-H4 (Alexa Fluor 488-H4,
5 nM) in the absence of H2A-H2B or DNA with high affinity (Kpsna =4+ 1 nM). Kp and SE come from three replicates. (B) FP assay reveals that SMARCAD1 (0 to 2500 nM)
binds H2A-H2B (Alexa Fluor 488-H2B, 5 nM) in the absence of H3-H4 or DNA with high affinity (Kp n2an2s = 10 + 2 nM). Kp and SE come from three replicates. (C) Schematic
of FRET-based histone binding assay. To monitor histone binding, H3-H4 (Alexa Fluor 488-H4) and H2A-H2B (Atto647N H2B) were mixed at 10 nM. SMARCAD1 was titrated
to histones (0 to 125 nM), and the increase in FRET signal is measured. (D) SMARCAD1 binds histones in the absence of DNA with high affinity (Kp histones = 1.3 £ 0.4 nM). Kp
and SE were obtained from three replicates. (E) Schematic of nucleosome assembly reaction. H3-H4 and H2A-H2B (50 nM; 647-H2B) are mixed with SMARCAD1 (0 to 3 uM)
for 15 min followed by addition of 147-bp DNA (50 nM) that was incubated for a further 15 min with and without 1 mM ATP. Reactions were quenched with pUC-19 plasmid
DNA and then analyzed on a 5% native TBE gel. (F) In the absence of SMARCAD1, little histones are assembled onto DNA; however, after addition of SMARCADT1, there is
an increase in nucleosome assembly. Nucleosome assembly happens both in the presence and absence of ATP. (G) Quantification of gel from (F) reveals that SMARCAD1
assembles nucleosomes equally well in the presence or absence of T mM ATP. SE bars in graph are from three replicates.

labeled* with Alexa Fluor 488 and Atto647N, respectively) were com-
bined at low concentrations and incubated with increasing amounts
of SMARCADI1 (Fig. 3C). The observed increase in FRET (Kp pistones =
2.1 £ 0.1 nM) demonstrates that SMARCADI1 brings together
histones H2B and H4 in the absence of DNA (Fig. 3D).
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Results shown in Fig. 2 (D and E) indicate that SMARCAD1
transfers both H2A-H2B and H3-H4 from one DNA fragment to
another. To test whether SMARCAD1 promotes de novo nucleosome
assembly (without first taking them off another DNA fragment), we
preincubated SMARCAD]1 with a mixture of H2A-H2B (Atto647)
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and H3-H4, and then added 147-bp DNA (Fig. 3E). The appearance
of fluorescent nucleosomes on a native gel was then quantified. In
the absence of SMARCADI, only minor amounts of nucleosomes
were formed. As SMARCADI is added, the nucleosome band in-
tensifies (Fig. 3, F and G). Unlike for the reaction shown in Fig. 2,
where histones must first be removed from DNA in an ATP-dependent
manner, ATP is not required for the nucleosome assembly reaction
that starts with free histone complexes.

SMARCAD1 interacts with nucleosomes in a unique manner
We determined the cryo—-electron microscopy (cryo-EM) structure
of SMARCADI1 bound to a nucleosome at an overall resolution
of ~6.5 A (fig. S4). Upon optimization, we ultimately used a nucleo-
some substrate with 70-bp extranucleosomal DNA extending from
one side (0 N70). To further stabilize the complex, we used GraFix
with glutaraldehyde (32). In addition, a nonhydrolyzable ATP analog
[prepared by combining adenosine 5'-diphosphate (ADP) with
BeSQO,4 and NaF to form ADP-BeF;] (33) was used to further stabilize
the complex, as shown for other remodelers before (34).

The density for the nucleosome was well defined and could be
visualized at ~5 A, making placement of the human nucleosome
[Protein Data Bank (PDB): 2CV5] straightforward (Fig. 4). We also
observed density for ~20 of the 70-bp extranucleosomal DNA. The
density for SMARCAD]1 was at ~10 A, and thus, we were unable to
confidently build a high-resolution model of SMARCADI, as no
structure of SMARCADI in isolation is available. We used
SWISS-MODEL to predict a structure of the SMARCAD1 ATPase
domain using Imitation switch (Iswi) (PDB: 5]XR) as a template
(35). This model was then fit into the EM map. Although we used
full-length SMARCADI for grid preparation, we only see density
corresponding to the C-terminal catalytic domain encompassing
ATPase 1 and ATPase 2 (Fig. 4).

O H2A W H2B H H3 H H4 OO0 DNA H SMARCAD1

Fig. 4. Cryo-EM structure of the SMARCAD1-nucleosome complex, revealing a
unique binding mode. SMARCAD1 makes interactions with extranucleosomal
DNA, the nucleosomal dyad (SHL 0), and SHL —1, as well with the H4 N-terminal tail
and the H3 N-terminal tail. Although full-length SMARCAD1 was used for cryo-EM
sample preparation, only the C-terminal catalytic domain (amino acids 509 to 1026)
was visible in the map. To improve clarity, the “surface dust” command was used in
ChimeraX to remove noise from maps.
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The low resolution of SMARCADI precludes interpretation of
the molecular interactions, but we can draw conclusions from
overall nucleosomal interactions. The C-terminal catalytic domain
of SMARCADI interacts with the nucleosome at several distinct con-
tact points [DNA locations on the nucleosome are defined by their
superhelix location, or SHL, where SHL 0 denotes the nucleosomal
dyad, cartoon in Fig. 4; (1)]. The SMARCAD1 motor sits on top of
SHL 0 where it covers ~10 bp of nucleosomal DNA. It interacts
with ~10 bp of the extranucleosomal DNA and reaches toward SHL
0. SMARCADI1 continues to interact with DNA at the dyad axis but
also maintains contact with DNA near SHL —1 (movie S1). The
remaining ~500 amino acids of SMARCADI1 for which no density
is observed is predicted to be largely disordered. The overall
architecture of the nucleosome is unchanged compared to unbound
nucleosome in the main class (Fig. 4).

We identified a second class of particles at ~6.2 A (map 2)
(fig. S4). In this class, there is no discernable difference in how
SMARCADI interacts with the nucleosome nor are there any struc-
tural rearrangements in the histones, but nucleosomal DNA on the
distal side of SMARCADI is peeled away from the histone core
starting near SHL +4 (fig. S5). This is probably due to spontaneous
unwrapping of DNA ends previously observed on EM grids (36),
although we cannot exclude that SMARCADI contributes to this
destabilization.

SMARCAD1 requires both H3 and H4 N-terminal tails

for catalytic activity

The catalytic domain of SMARCADI is placed to allow it to
make direct contacts with the H4 and H3 N-terminal tails (Figs. 4
and 5, A and B, and movie S1), although the molecular details of the
interaction remain to be determined. In light of this finding and
given the established importance of histone tails in regulating the
activity of other chromatin remodelers (2, 37-39), we tested their
contribution to SMARCADI catalytic activity. SMARCAD1 binds
nucleosomes reconstituted with tailless (TL) histones H3 or H4
(TLH3 and TLH4) with the same affinity as it binds nucleosomes
with full-length histones (Fig. 5C and fig. S2). However, ATP hydro-
lysis is significantly reduced when stimulated by TLH4 nucleosomes
(Fig. 5D), and consequently, the histone exchange activity for TLH4
nucleosomes is abolished (Fig. 5, E and F, and fig. $6). In contrast,
removal of the H3 tail does not affect ATP hydrolysis (Fig. 5D), yet
the relative amount of histone exchange is significantly reduced in
TLH3 compared to wild type (WT) (Fig. 5, E and F, and fig. S6). To
ensure that the lack in exchange activity in TLH3 and TLH4 is not
simply due to the inability of SMARCADI to interact with histones,
we demonstrate that SMARCADI1 assembles TLH3 and TLH4
nucleosomes from histone complexes (de novo nucleosome assembly
activity; fig. S7, A and B).

DISCUSSION

Different ATP-dependent chromatin remodelers engage their
nucleosome substrate in a variety of ways, but, with the exception
of INO8O, the structurally conserved ATPase domains of all known
remodelers contact nucleosomal DNA at SHL 2 (2). SMARCADI,
a single-subunit chromatin remodeler from the INO80 family, is
unique in that its ATPase motor sits astride SHL 0 and binds DNA
at SHL -1 while, at the same time, engaging extranucleosomal
linker DNA (Fig. 4). The ATPase domains of Iswi, which served
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Fig. 5. Histone H3 and H4 tails are important for SMARCAD1 activity. (A) SMARCAD1 makes extensive contacts with the H4 tail. Cryo-EM map (transparent) with
model reveals that SMARCAD1 makes several contacts with the H4 tail and (B) with the H3 tail. To improve clarity, the surface dust command was used in ChimeraX to
remove noise from maps. (C) SMARCAD1 binds nucleosomes with full-length histones [wild type (WT)], as well as nucleosomes with tail-deleted histones (TLH4 and TLH3),
and DNA. Kp nucleosome = 160 £ 10 NM, Kp 11 Ha = 110 £ 10 nM, Kp,1.H3 = 330 £ 20 nM, Kppna = 80 £ 10 nM. Kp and SE were obtained from three replicates; data for WT nucleosome
and DNA are same as in Fig. 1A. (D) SMARCAD1 is activated by WT nucleosome and TLH3 nucleosomes equally well, but TLH4 nucleosome and DNA are poor activators
of ATP hydrolysis. SE bars are from three replicates; data for WT nucleosome and DNA are same as in Fig, 1B and included for clarity here. (E) Histone exchange assay

reveals that SMARCAD1 exchanges WT histones well, but it is unable to exchange TLH3

or TLH4 histones. Time points were 0, 60, 18, 300, 540, 900, 1800 s. (F) Quantification

of gel from (E) confirms that SMARCAD1 poorly exchanges TLH3 or TLH4 histones compared to WT histones. SE bars in graph are from three replicates (six for WT nucleosomes).

as the template for the homology model of the SMARCAD1
ATPase domains, bind nucleosomal DNA at SHL -2 and at the
neighboring gyre of the DNA superhelix (SHL 6) through ATPase 2
and ATPase 1, respectively, and is also anchored by interactions
between ATPase 2 and the H4 tail (fig. S8). Intriguingly the inter-
actions between the H4 tail and ATPase 2 appear to be maintained
in SMARCADI, but, compared to Iswi, the two domains swivel
around this anchor and translate by one SHL to interact with
SHL -1, SHL 0, and extranucleosomal DNA (fig. S8). SMARCAD1
interactions with the nucleosome also differ from its closest
homolog INO80, which contacts DNA at SHL 6 and SHL 3, high-
lighting the variability in interactions of the ATPase domains
with their nucleosome substrates that likely is reflected in their dif-
ferent functions.

Markert et al., Sci. Adv. 2021; 7 : eabk2380 15 October 2021

The ability of SMARCADI1 to interact with the nucleosome (and
with DNA) is completely inhibited by phosphorylation of its N-terminal
region (Fig. 1, C and D), and only after exhaustive dephosphorylation
of the 23 identified sites that are all located N-terminal to the
ATPase domains is SMARCADI] able to bind nucleosomes. It is
common for remodelers to be regulated through autoinhibition (2),
and we hypothesize that phosphorylation might regulate an
autoinhibition domain. Exactly which phosphorylation sites are
required for autoinhibition, and the mechanism of inhibition
remains to be elucidated. Fun30 was shown to be phosphorylated in
the N terminus in a cell cycle-dependent manner, and this modifi-
cation is required for interaction with the scaffold protein Dpbl1
(6). Therefore, it is possible that the phosphorylation state regulates
both the activity of SMARCADI1 and its appropriate recruitment to
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Fig. 6. Proposed model for SMARCAD1 activity SMARCAD1 first binds to the nucleosome on its proximal side by engaging extranucleosomal DNA and DNA at
SHL 0 and SHL —1. SMARCADT1 then uses the energy of ATP hydrolysis to peel DNA off the distal side of the nucleosome allowing it to remove the histones. SMARCAD1
holds onto all four histones, possibly as a histone octamer, and deposits them back onto DNA to reform a nucleosome.

chromatin through phosphorylation-sensitive interactions with
binding partners.

The ATP hydrolysis activity of SMARCADI1 is optimally triggered
by the interaction with nucleosomes (Fig. 2B), and the energy is used
to dissociate histones from DNA (Fig. 2, D and E). SMARCAD1
then deposits the histones (H3-H4 and H2A-H2B) onto a new DNA
segment at the same rate. When incubated with histones in the
absence of DNA, SMARCADI1 brings H4 and H2B (and, by extension,
the histones H3-H4 and H2A-H2B) into close proximity (Fig. 3D).
We therefore suggest that unlike Swrl (40) that only exchanges
histone H2A-H2B dimers, SMARCADI is able to transfer the entire
histone octamer. A similar activity was proposed for the remodeler
RSC (5) and suggested for Fun30 (22). It is entirely possible that
other remodelers can also transfer the entire histone octamer, but
how widespread this activity is among remodelers, under which
circumstances it occurs, and what its biological functions are remain
to be investigated. Further studies will address how common this
histone exchange process is and how similar this particular activity
is among different remodelers.

The two classes of particles obtained with the SMARCAD1-
nucleosome complex described here are distinguished mainly by the
amount of DNA bound on the SMARCADI1 distal side of the nucleo-
some (fig. S5). While in class 1, the DNA maintains all its contacts
with the histone octamer, ~20 bp of DNA is peeled away from the
histone octamer in class 2, and the first histone-DNA contact is at
SHL +4. While this could be the result of spontaneous “breathing”
(36), it is suggestive that the SMARCADI1 N-terminal domain,
which is highly acidic and predicted to be disordered (and therefore
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not defined in any of the current maps), projects toward this region.
We speculate that this region may protect the DNA binding surfaces
of H2A-H2B that are exposed when the DNA is peeled away similar
to what was observed in the FACT-nucleosome complex (41). Such
a mechanism would prevent the rebinding of DNA and facilitate the
removal of the entire histone octamer by SMARCADI.

Together, our data suggest a mechanism (shown in Fig. 6) in which
SMARCADI engages nucleosome by interacting with extranucleosomal
DNA and the DNA near SHL 0. We propose that, in the presence of
ATP, SMARCADI destabilizes histone-DNA interactions, thereby
allowing SMARCADI to compete DNA away from the histone
octamer. As SMARCADI continues to hydrolyze ATP and destabilize
histone-DNA interactions, the histones become even more exposed,
eventually allowing SMARCADI to completely remove them from
DNA. Further work will focus on biochemically confirming this
model with mutagenesis studies, and higher-resolution cryo-EM
analysis of this and other hypothetical intermediates will further
define SMARCAD1-nucleosome interactions.

Several remodelers interact with histone tails, most notably with
the H4 N-terminal tail (2). Of particular interest, the H4 N-terminal
tail relieves autoinhibition of Iswi, and this promotes ATP hydrolysis
(42). Here, we show that SMARCADI interacts with both the H4
and H3 N-terminal tails (Fig. 5, A and B). The H4 tail (but not the
H3 tail) is required for the ATP hydrolysis activity of SMARCAD1
(Fig. 5D), while both tails are required for histone exchange onto a
new DNA fragment (Fig. 5F). We speculate that SMARCADI can
engage nucleosomal DNA (and free DNA) but is unable to hydrolyze
ATP beyond a basal level until it is properly situated on the
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nucleosome, as read out by proper interactions with the H4 tail.
Further stabilization by the H3 tail then promotes histone eviction.
Histone tails are extensively posttranslationally modified, and
hence, the interactions with histone tails might provide a mech-
anism for regulating SMARCADI activity.

Limitations of this study

In total, 23 phosphorylation sites were identified on Sf9-expressed
SMARCAD1. While removal of phosphorylation sites allows for
activation of SMARCAD1, we currently do not know which SMARCAD1
sites are important nor do we know which sites are physiologically
relevant, as Sf9 is not the endogenous human SMARCADI expres-
sion system.

Our data suggest that SMARCAD1 removes entire histone
octamer and deposits it, as a whole, onto another DNA fragment.
We infer this from our finding that both H2AH2B and H3H4 are
transferred at identical rates. However, it is also possible that the
rate-limiting step of histone transfer comes before histone eviction,
and therefore, the rate of transfer only appears to be identical for the
different histones. More direct measurements of histone transfer
will address this important mechanistic question. Our model is
supported by our finding that SMARCAD1 brings H3H4 and
H2AH2B together in the absence of DNA (by the use of FRET).
However, the stoichiometry and relative orientation of the histones
on SMARCADI have yet to be revealed and we currently do not
know whether this resembles an octamer. Last, despite our best
efforts, the resolution of our cryo-EM density (in particular, the
SMARCADI portion) is too low to make definitive conclusions of
SMARCADI1-nucleosome interactions. Future work will focus on ob-
taining higher resolution of the complex to build a well-defined model.

MATERIALS AND METHODS

Cloning and purification of SMARCAD1

A plasmid containing the human SMARCADI1 DNA sequence was
purchased from DNASU. The sequence was polymerase chain
reaction (PCR)-amplified to add an N-terminal 6-His tag, and
restriction enzyme overhangs to allow cloning into the pACEBAC1
plasmid. Sf9 cells were infected with Autographa californica multi-
ple nucleopolyhedrovirus, and virus was amplified using the Bac-
to-Bac system. Generally, expression was done in 300 ml of Sf9 cells
and pelleted after 3-day expression. Cells were resuspended in
lysis buffer [250 mM NaCl, 20 mM Hepes (pH 7.5), 2 mM Tris(2-
carboxyethyl)phosphine, 1 mM 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride, 10% glycerol, and 2 mM MgCl,] supple-
mented with a cOmplete Protease Inhibitor Cocktail (Roche Diag-
nostics) and 1500 U of Benzonase (Millipore Sigma) per 300 ml of
Sf9 insect cells. Resuspended cells were lysed using a TissueLyser
(Tekmar), incubated on ice for 10 min, sonicated, and spun at
31,000 RCF (Beckman JA-20 rotor) for 15 min, followed by purifi-
cations over a 5-ml nickel column, a 5-ml HiTrap-Q column, and,
lastly, an S200 (GE) column.

For dephosphorylation after the HiTrap-Q column, pure frac-
tions were mixed with 500 U of Quick Calf Intestinal Alkaline
Phosphatase (New England BioLabs) per 1-mg SMARCAD]1 for
1 hour at room temperature. The sample was purified over a 1-ml
nickel column followed by gel filtration over an $200 column. Both
phosphorylated and dephosphorylated samples were frozen in S200
buffer [100 mM KCl, 20 mM Hepes (pH 7.5), 2 mM TCEP, 1 mM
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AEBSF, and 10% glycerol]. Yield was in the range of 5 to 10 mg
from 300 ml of Sf9 cells.

Size exclusion chromatography coupled to multiangle

light scattering

SEC-MALS was performed nearly the same as previously described
with a few changes (43). PSMARCAD]1 was concentrated to 15.9 uM
and injected onto a Superdex 200 (S200) Increase 10/300 size exclusion
column equilibrated in 100 mM KCI, 20 mM Hepes (pH 7.5), and
2 mM TCEDP. Light scattering and refractive index of the eluate were
measured with a Dawn Heleos-II instrument (Wyatt Technology)
and an Optilab rEX instrument (Wyatt Technology). Data were
processed in Astra version 6 software (Wyatt Technology).

Mass spectrometry and analysis of SMARCAD1
phosphorylation sites

One-microgram SMARCAD1 was digested with 1 U of trypsin
(Thermo Fisher Scientific), cleaned up with Pierce C-18 columns
(Thermo Fisher Scientific), and sent to the mass spectrometry facility
at University of Colorado Boulder. Raw files were searched in the
Max-Quant software (MaxQuant) using a SMARCADI Fasta file.
We enriched for phosphorylation sites by using the phosphorylation
(STY) modification. Identified phosphorylation sites are indicated
in Fig. 1B.

Histone refolding and nucleosome reconstitution

Human histones were purchased from the Histone Source at Colorado
State University (Fort Collins) and refolded, and DNA was obtained
as previously described (44). E63C H4 was labeled with a maleimide-
Alexa Fluor 488 fluorophore, and T115C H2B was either labeled
with a maleimide-Alexa Fluor 488 or a maleimide-Atto647N
fluorophore, as indicated (45). For TL histone experiments, TLH3
(38 to 135) or TLH4 (20 to 102) were reconstituted the same as
WT histones.

DNA for nucleosomes to be used for cryo-EM was made from
10-ml PCRs using in-house purified Pfu-polymerase. The following
DNA sequence was used (601 nucleosome positioning sequence
in bold):

ATCTGAGAATCCGGTGCCGAGGCCGCTCAATTGGTC-
GTAGACAGCTCTAGCACCGCTTAAACGCACGTACGC-
GCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTC-
CCTAGTCTCCAGGCACGTGTCAGATATATACATCCGAT-
ATCGGATCCTCTAGAGTCGACCTGCAGGCATG-
CAAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTG.

Nucleosomes were reconstituted as described (44).

Nucleosome FP

SMARCADI binding to nucleosomes was determined using an FP
assay. Assays were done in binding buffer [20 mM tris-Cl (pH 7.5),
2 mM dithiothreitol (DTT), 1 mM EDTA, 0.01% CHAPS, and
0.01% NP-40]. Alexa Fluor 488-labeled H4 nucleosomes were used at
a final concentration of 10 nM. SMARCAD1 was mixed with nucleo-
somes at increasing concentrations from 0 to 2500 nM in nucleosome
binding buffer. The increase in FP values as a function of SMARCAD1
concentration was measured in a BMG Labtech CLARIOstar plate
reader. For the DNA binding experiments, DNA was made by PCR
amplifying 147-bp 601 sequence with primers containing Alexa Fluor
488 label [purchased from Integrated DNA Technologies (IDT)].
All FP binding curves were fit to the quadratic binding equation
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Y = Ymin + (Ymax - Ymin)>< (Kd + L+
X-sqrt(sqr(Kg+ L+ X)-(4xLxX)))/2xL

where Yy, and Y. are the minimum and maximum FP Y signals,
respectively, K is the experimental binding constant, L is the ligand
concentration (10 nM), and X is the SMARCAD1 concentration.

ATP hydrolysis assay

We used an assay that couples ATP hydrolysis to NADH oxidation
using lactate dehydrogenase (LDH) and pyruvate kinase (PK) (4).
The reaction was done in ATP hydrolysis buffer (1 mM DTT, 4 mM
MgCl,, 1 mM phosphoenolpyruvate, and 12 pl of LDH/PK enzyme
mix (Sigma-Aldrich), 50 mM Hepes (pH 7.5), 100 mM KCI, and
0.7 mM NADH). One hundred-microliter reactions were conducted
by mixing 100 nM SMARCADI1, ATP hydrolysis buffer, and
increasing amounts of activator and then initiated by addition of
1 mM ATP. Reactions were measured in a BMG Labtech CLARIOstar
plate reader, where NADH absorbance was measured at a wavelength
of 340 nm. Rates were obtained from slopes of simple linear regression.
Change in A340/s was converted to ATP hydrolyzed ([M]/s) by
using the NADH extinction coefficient (6330 M~ cm ™). Background
ATP hydrolysis (SMARCADI1 without activator) was subtracted,
and then rates as a function of activator concentration were plotted
and fit to the Michaelis-Menten equation

Y = Viax X X(Kpy + X)

Histone exchange assay

Trinucleosomes (30N60N60N30; the numbers refer to base pair
linker DNA, while N refers to 147-bp 601 nucleosome; Fig. 2C)
were created in the same way as above with H2B or H4 labeled with
Atto647N. Histone exchange assays were done at 3 uM SMARCADI,
62.5 nM trinucleosomes (equivalent to 225 nM individual nucleo-
somes), and 1.5 pM acceptor 0 NO DNA and conducted in 2 mM
DTT, 2 mM MgCl,, 25 mM Hepes (pH 7.5), and 50 mM KCI. Reactions
were started with addition of 1 mM ATP and, at the appropriate
time points, were quenched with quench buffer (final concentration
68 mM EDTA and 16% glycerol). Samples were analyzed on 5%
native tris-borate EDTA (TBE) gels, imaged on Typhoon imager,
and then quantified with ImageQuant. Rates were calculated using
a one-phase association equation

Y = Y0 + (Plateau-Y0) x (1-exp(-K*))

FP-based quantification of SMARCAD1-histone interactions
We used the FP assay to determine whether SMARCADI binds
H3-H4 and H2A-H2B individually in the absence of DNA. Alexa
Fluor 488-H3-H4 (5 nM) or Alexa Fluor 488-H2A-H2B (5 nM) in
2 mM DTT, 10% glycerol, 50 mM Hepes (pH 7.5), 0.01% CHAPS,
0.01% NP-40, and 300 mM KCI was combined with increasing
concentrations of SMARCADI (0 to 2.5 uM). The increase in FP
signal as a function of SMARCAD1 concentration was determined
in a BMG Labtech CLARIOstar plate reader, where no SMARCAD1
H3-H4 signal was arbitrarily set at an FP value of 100 mP. Binding
constants were calculated using a hyperbolic binding equation

Y = Ymin + (Ymax - Ymin) X [SMARCADI]/
(Kp + [SMARCADI])
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FRET-based SMARCAD1-histone interactions

To determine whether SMARCADI1 binds to histones H2A-H2B
and H3-H4 simultaneously in the absence of DNA, we used a
FRET-based approach that allows us to monitor (H3-H4) interac-
tions with (H2A-H2B). Refolded Alexa Fluor 488-H3-H4 and At-
t0647N-H2A-H2B histones were mixed at low concentration (10
nM) in 2 mM DTT, 2 mM MgCl,, 50 mM Hepes (pH 7.5), 0.01%
CHAPS, and 0.01% NP-40. SMARCADI was added at increasing
concentration (0 to 125 nM). The increase in FRET values as a func-
tion of SMARCADI concentration was measured in a BMG Labtech
CLARIOstar plate reader, where highest SMARCADI titration
points were arbitrarily set at 50% fluorescent intensity. Binding
constants were calculated using a hyperbolic binding equation

Y = Yiin + (Yinax = Ymin) X [SMARCAD1]/
(Kp + [SMARCADI1])

SMARCAD1 de novo nucleosome assembly assay

To monitor whether SMARCAD1 assembles nucleosomes de novo,
we used an assay that monitors incorporation of histones onto
DNA as more SMARCADI1 is added. SMARCADI1 (indicated
concentrations) was mixed with H3-H4 (50 nM) and H2A-H2B
(Atto647N H2B; 50 nM) for 15 min in 2 mM DTT, 100 mM KCl,
50 mM Hepes (pH 7.5), 10% glycerol, and 2 mM MgCl,. A total of
147-bp DNA (50 nM) was added (with 1 mM ATP when indicated)
for 15 min. Samples were quenched with 16% glycerol, 68 mM
EDTA, and 2.7 ug of pUC19 plasmid. Reactions were analyzed by a
5% native TBE gel, imaged on a Typhoon imager, and then quanti-
fied with ImageQuant.

Cryo-EM SMARCAD1-nucleosome sample preparation

To prepare SMARCADI1-nucleosome complex for cryo-EM, we
first reconstituted a 0 N70 nucleosome using published procedures
(44). We then combined SMARCADI1 (final concentration 16 pM)
with 0 N70 nucleosome (2 pM) in S200 buffer. For cross-linking,
GraFix buffers with top buffer [10% glycerol, 50 mM NaCl, 10 mM
Hepes (pH 7), 1 mM MgCl,, 500 uM ADP, 8 mM NaF, and 1 mM BeSO4]
and bottom buffer [30% glycerol, 50 mM NaCl, 10 mM Hepes
(pH 7), 1 mM MgCl,, 500 uM ADP, 8 mM NaF, 1 mM BeSOy, and
0.15% glutaraldehyde] were used. A 10 to 30% glycerol gradient was
generated, and 200 pl of SMARCAD1-nucleosome sample was added
to the top. Samples were spun at 28 K rpm in an sw40-TI rotor
(Beckman) for 20 hours in an ultracentrifuge. Fractions were col-
lected and analyzed by TBE and SDS-PAGE, and fractions containing
complex were collected. They were then dialyzed into 50 mM NaCl,
10 mM tris (pH 8), 2 mM MgCl,, 1 mM ADP, 16 mM NaF, 2 mM
BeSOy, and 3 mM DTT (32, 33).

Cryo-EM grid preparation and data collection

Four microliters of dialyzed sample was deposited onto glow-discharged
C-flat Au 1.2/1.3 grids (Electron Microscopy Sciences) and flash-
frozen using a manual plunger. Grids were screened at the University
of Colorado Boulder Cryo-EM facility using a Tecnai T20 micro-
scope with a K3 electron detector. High-quality grids were then sent
to the Janelia Research Campus cryo-EM facility for data acquisition.
The complex was imaged at a magnification of x64000 on an FEI
Titan Krios (300 kV) equipped with a Gatan K3 summit direct de-
tector. Pixel size was 1.065 A. The movies were captured in super-
resolution mode with an electron dose rate at 7.8 electrons per pixel
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per second for 5.593 s at 0.13 s per frame. The defocus range was —1.2
to —2.5 um. A total of 11,160 images were collected.

Cryo-EM processing and model building

The data were processed in two separate steps. In the first round of
processing, most images were removed because of poor Contrast
Transfer Function (CTF) fits. The remaining 2408 movies were patch
motion-corrected and patch CTF-corrected in cryoSPARC version 2.4
(46). Particles were then picked with the cryoSPARC blob picker and
extracted at a box size of 256 A%, Extracted particles were subjected
to two-dimensional (2D) classification, and then good classes were
used as templates in the cryoSPARC template picker. The template
picker resulted in 1,513,927 particles. These were subjected to 2D clas-
sification in cryoSPARC, and bad particles were removed resulting in
440,777 particles. These particles were then transferred to RELION
version 3.0 for further processing (47). Using an initial model from
10,184 particles, all particles were subjected to two rounds of 3D clas-
sification. After 3D classification, we had 320,523 particles present
in one class. These particles could not be cleaned up further even
when the initial model was low pass—filtered to 30 A. To increase the
resolution of the SMARCAD1 density, a mask was created that only
encompassed the SMARCADI region. With this mask, particles were
further subjected to two rounds of 3D classification without image
alignment. Best particles were then subjected to 3D refinement, which re-
sulted in a final resolution of 6.49 A [Fourier Shell Correlation (FSC) =
0.143]. FSC curves were determined with the 3D FSC server (48).

In the second round of processing, 5395 movies were patch
motion-corrected and patch CTF-corrected in cryoSPARC. Using
the same templates from the first round of processing, a total of
3,282,892 particles were picked. These were subjected to one round
of 2D classification in cryoSPARC, which resulted in 943,877 particles.
These were brought to RELION, where they underwent two rounds
of 3D classification. A third round of 3D classification was performed
with local angular searches, which revealed a new SMARCAD1-
nucleosome class, showing DNA peeled away from the histone
core. This class was further processed and autorefined to a resolution
of 6.2 A (FSC = 0.143).

For the nucleosome, model building was performed by placing
the human nucleosome (PDB: 2CV5) into the density. We manually
built the DNA into the density using Coot (49). As noted in the re-
sults, the density for SMARCADLI is at lower resolution than the
nucleosome because of its high flexibility. Therefore, it was difficult
to manually build the SMARCADI structure. To aid in SMARCAD1
model building, we first used SWISS-MODEL to predict a structure
of SMARCADI. Iswi (PDB: 5]XR) was used as a template because it
had the highest QMEAN score (-2.46) and overall best sequence
coverage (42.08%) (35). The predicted structure was then docked
into the EM map in chimera (50). To better fit the model into the
density map, the structure and map were run in Flex-EM (51). The
model was then simulated in Molecular Dynamics Flexible Fitting
(MDFF) [using the Nanoscale Molecular Dynamics (NAMD) engine
and visualized in Visual Molecular Dynamics (VMD)], and then
further processed in Interactive Structure Optimization by Local
Direct (ISOLDE) to further increase model to map fitting (52-55).

Statistical analysis

All experiments were performed at least in triplicate (as indicated
in each figure). All data (besides mass spectrometry) were analyzed
and plotted in GraphPad Prism.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk2380

View/request a protocol for this paper from Bio-protocol.
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