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Sequence and functional differences in the ATPase
domains of CHD3 and SNF2H promise potential for
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Chromatin remodelers use the energy of ATP hydrolysis to regulate chro-
matin dynamics. Their impact for development and disease requires strict
enzymatic control. Here, we address the differential regulability of the
ATPase domain of hSNF2H and hCHD3, exhibiting similar substrate
affinities and enzymatic activities. Both enzymes are comparably strongly
inhibited in their ATP hydrolysis activity by the competitive ATPase inhi-
bitor ADP. However, the nucleosome remodeling activity of SNF2H is
more strongly affected than that of CHD3. Beside ADP, also IPg inhibits
the nucleosome translocation of both enzymes to varying degrees, follow-
ing a competitive inhibition mode at CHD3, but not at SNF2H. Our
observations are further substantiated by mutating conserved Q- and K-
residues of ATPase domain motifs. The variants still bind both substrates
and exhibit a wild-type similar, basal ATP hydrolysis. Apart from three
CHD3 variants, none of the variants can translocate nucleosomes, suggest-
ing for the first time that the basal ATPase activity of CHD?3 is sufficient
for nucleosome remodeling. Together with the ADP data, our results pro-
pose a more efficient coupling of ATP hydrolysis and remodeling in
CHD3. This aspect correlates with findings that CHD3 nucleosome
translocation is visible at much lower ATP concentrations than SNF2H.
We propose sequence differences between the ATPase domains of both
enzymes as an explanation for the functional differences and suggest that
aa interactions, including the conserved Q- and K-residues distinctly regu-
late ATPase-dependent functions of both proteins. Our data emphasize the
benefits of remodeler ATPase domains for selective drugability and/or reg-
ulability of chromatin dynamics.

Introduction

In order to regulate DNA accessibility in chromatin
for nuclear processes like for example transcription or

Abbreviations

replication, cells make use of chromatin modifications
such as post-translational modification of histones,

aa, amino acid; ADP, adenosine diphosphate; ATP, adenosine triphosphate; BRG1, Brahma Related Gene 1; CHD3, Chromodomain Helicase
DNA Binding Protein 3; Da, Dalton; ECsp-value, Half maximal effective concentration; ICgg-value, half maximal inhibitory concentration; IPg,
Inositol hexakisphosphate; ISWI, imitation SWltch; kDa, kilo Dalton; Ky, value (dissociation constant); Kmapp, value (apparent Michaelis
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DNA modification(s), or chromatin-associated RNAs
[1-4]. In addition, there are chromatin remodeling
enzymes, which act in large multiprotein complexes of
two to fourteen proteins. Using a bipartite ATPase
domain, these enzymes hydrolyze ATP to provide the
energy necessary for altering chromatin structure and
DNA accessibility by repositioning or unwrapping
nucleosomes, or by exchanging histone molecules [5].
The human genome encodes for 53 ATP-dependent
remodeling enzymes, which are in turn classified in 24
subfamilies, all belonging to the Snf2 family of SF2
helicases [6].

Many chromatin remodelers are functionally linked
with organismal development or diseases such as can-
cer [7-11]. Overall, 36.5% of serous tumors exhibit
mutations in the genes of chromatin remodeling
enzymes [12]. In the case of SNF2H (= SMARCAS;
Iswi subfamily) high levels of SNF2H transcripts have
been observed in AML (= acute myeloid leukemia)
blast cells and in CD34+ hematopoietic progenitors of
AML patients [13,14]. Furthermore, SNF2H expres-
sion levels have been shown to be increased in HCC (=
hepatocellular carcinoma) tissues in comparison with
paratumoral liver tissues [15]. Mutations in CHD3 (=
MI-2-alpha; Mi-2 subfamily) drive uterine corpus
endometrioid carcinoma progression (https://www.
intogen.org/search?gene = CHD3), and CHD?3 has been
the most commonly deleted gene, of the existing nine
CHD members, across 32 analyzed tumor types,
including breast cancer [16].

Due to their important role in organizing chromatin
structure, it can be envisioned that these enzymes are
subject to a strict regulation by posttranslational modi-
fications and/or binding partners. For dMI-2 (Mi-2
subfamily), it has been proposed that dCK2 constitu-
tively phosphorylates the N-terminus in vivo [17].
Interestingly, the dephosphorylation of this region
increases the affinity of MI-2 for the nucleosome, stim-
ulating in turn its ATPase- and nucleosome remodel-
ing activity [17]. Furthermore, in vitro experiments
have shown that acetylation of histone H4 at lysine
residue K16 stimulates nucleosome remodeling by
dISWI (Iswi subfamily) under certain conditions [18§],
whereas ACF, a complex of ISWI and ACFI1 [19],
exhibits different nucleosome positioning properties
than dISWI alone [20]. Finally, the depletion or inacti-
vation of mCHD3 at DSB (= double strand break)
sites has been suggested to depend on the phosphory-
lation of the C-terminus of KAP-1, thereby inhibiting
the interaction between the SUMO interacting motif
(SIM) of CHD3 with SUMO1-conjugated KAP-1 [21].

Beyond that and in regard to the mentioned disease
implication, enzymatic regulation is also conceivable
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via ligands. As chromatin remodelers possess subfam-
ily-specific domains besides the motor domain
(ATPase domain) [6], all those domains would repre-
sent promising drug targets. Indeed, PFI-3 has been
evaluated as a selective and potent bromodomain inhi-
bitor of BRG1 (= SMARCA4; Snf2 subfamily) [22,23].
Even though many domains have been already well
characterized regarding functional aspects [5,24], the
development of domain-specific drugs is hampered by
the lack of high-resolution structural data [25,26]. In
contrast to this, several 3D structures of the ATPase
domain of remodelers or SF2 helicases have been pub-
lished [27-32]. Finally, however, bromodomain func-
tion of SMARCA4 has even been shown to be
insubstantial for tumor cell proliferation, while the
ATPase activity has been crucial [23]. Moreover, the
ATPase domain represents the core functional domain
of these enzymes, even hosting an autonomous nucleo-
some translocation module for ISWI [25,30,33,34]. We
have therefore assumed that the ATPase domain of
remodelers might be a promising target for drugs.

We have performed kinetic and HDXMS (= Hydro-
gen—Deuterium Exchange Mass Spectrometry) experi-
ments that evidence the competitive ATPase domain
inhibition by ADP of human CHD3 (Mi-2 subfamily)
and SNF2H (Iswi subfamily), resulting in ICsq values
of around 56 pum for both enzymes, regarding ATP
hydrolysis. However, somewhat unexpected, the nucle-
osome translocation ability of CHD3 is less drastically
reduced than in SNF2H. In addition to ADP, ATP
hydrolysis of both enzymes is inhibited by further
nucleotide analogues such as ATPyS or ADPS, with
SNF2H reacting 4 times more sensitively than CHD3
toward ADPS. Beside ADP, also IP4 has turned out
to inhibit the nucleosome translocation activity of both
enzymes to varying degrees, thereby following a com-
petitive inhibition mode at CHD3, but surprisingly not
at SNF2H. Overall, our data point to functional dif-
ferences in the ATPase domains and in ATPase-depen-
dent functions of both remodeling enzymes, which in
turn shows the possibility of selectively regulating
these enzymes in vivo and thus fine-tuning chromatin
dynamics according to physiological circumstances.
Our experimental data are further substantiated by
point mutations of highly conserved Q- and K-residues
in the Q- and I-motif of the ATPase domain [11]. All
mutants (6 mutants each for CHD3 and 7 for SNF2H)
are able to bind nucleosomes and exhibit wild-type
similar basal (nonstimulated) ATPase rates, but fail to
increase the ATP hydrolysis rates in the presence of
nucleosomes, resulting in a general nucleosome remod-
eling deficiency of the mutants. Notably, three CHD3
mutants (Q740E/A; K767R) compared to only one
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cancer-associated SNF2H (D182N) Q-motif mutant
can still translocate nucleosomes. In combination with
our remodeling results in the presence of ADP, our
data therefore argue for the ability to ‘couple’ ATP
hydrolysis and nucleosome remodeling more efficiently
in CHD3, than in SNF2H. This aspect is supported by
findings that despite comparable substrate affinities
and ATP hydrolysis parameters, CHD3 nucleosome
translocation is visible at much lower ATP concentra-
tions than SNF2H. We propose that the observed
functional divergences between CHD3 and SNF2H
can be attributed to minor, but characteristic sequence
differences between the ATPase domains of both
enzymes, which are substantiated by in silico sequence
comparisons and homology models. We suggest that
amino acid interactions, including the conserved Q-
and K-residues, distinctly regulate ATPase-dependent
functions of both proteins, causing the observed func-
tional differences. In conclusion, our data emphasize
the potential of the ATPase domain for selective regu-
lation and/or drug targeting of chromatin remodelers.

Results

The ATPase domains of CHD3 and SNF2H exhibit
minor, but characteristic differences

In order to assess whether the ATPase domain of
chromatin remodelers represents a promising target for
selective inhibitors, we have performed a comprehen-
sive sequence analysis, comparing the ATP-binding
domain of representatives from two different subfami-
lies, namely CHD3 [Mi-2] and SNF2H [Iswi] (Fig. 1A)
[6]. Two sequence sets, consisting of 275 (CHD3) and
194 (SNF2H) UniRef 90% sequences, have been com-
piled. The Q- and I-motif of the ATP-binding domain,
being discussed in context of nucleotide binding and/
or hydrolysis in SF2 helicases [35-37], are in close
proximity to the bound nucleotide in CHD3 (see also
below). Remodeler-specific sequence logos substantiate
the strict conservation of the full I-motif and of key
residues, belonging to the Q-motif (Fig. 1B) [6]. Most
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importantly, the Q740/184 (CHD3/SNF2H) and K767/
211 (CHD3/SNF2H) residues are strictly conserved in
all sequences.

However, in addition to these highly conserved
regions, the ATPase domains of both enzymes exhibit
less conserved sequence elements, specific for the
respective remodeler (Fig. 1B). There are for example
three sequence insertions of four and more amino
acids in CHD3, which do not exist in SNF2H and as
well two smaller amino acid insertions (two and three
aa) in SNF2H, which we do not find in CHD3
(Fig. 1B and Fig. S1, Fig. 2). This has prompted us to
further assess the suitability of this domain as selective
drug target by subjecting hCHD3 and hSNF2H to a
detailed comparative, experimental study.

CHD3 and SNF2H display comparable substrate
affinities and ATP hydrolysis parameters, but
differ in the enzymatic processing power
regarding nucleosome translocation

To start with, we have thoroughly characterized and
compared both enzymes in regard to ATPase-depen-
dent functions and substrate affinities (Fig. 2 and
Fig. S3). In order to analyze the binding parameters of
CHD?3 and SNF2H for nucleosomes, interaction anal-
yses with fluorescently labeled 0-NPS-0 (= ‘linker-free’)
nucleosomes have been performed. The use of such
kind of nucleosomes allows to neglect the influence of
nucleosome-associated linker DNA, serving as a pref-
erential binding platform for chromatin remodelers
(Fig. 2A, decrease of free DNA signal with raising
remodeler amounts). We can show that CHD3 and
SNF2H have comparable nucleosome binding affini-
ties, ranging within ECsy values of 147 4+ 27.6 nm
(CHD3) and 219 + 48.1 nm (SNF2H) (Fig. 2A and
Fig. S3a). Furthermore, determination of Ky values
for the second substrate ATP reveal that CHD3 (i)
and SNF2H (ii) also exhibit similar affinities of 440
pm (£213) (i) and 238 um (£93) (i) (Fig. 2B and
Fig. S3b). Since we have performed our substrate
binding assays in the absence of the respective other

Fig. 1. Domain composition of the two human SF2 helicases CHD3 and SNF2H and sequence comparison of their ATPase domains. (A)
Schematic representation of CHD3 and SNF2H domains and features. Additionally, localization of the Q-motif and motif | is indicated. (B)
Differential logo of chromatin remodeler amino acid regions, containing the ATPase domains of CHD3 (hCHD3: aa 706-1227) and SNF2H
(hRSNF2H: aa 152-653). The logo is based on a MSA deduced from 275 CHD3 and 194 SNF2H sequences taken from two UniRef 90
clusters. The center line shows residues strictly conserved in both domains, the logos above and below indicate the remodeler-specific
composition of sequences. The position of the Q-motif and motif | [6,11] is indicated by a box. The remaining, also highly conserved Walker-
motifs [84,6] or sequence specific CHD3 or SNF2H inserts are indicated with black lines. The color code represents the chemistry of the
residues. The MSA data set is available in Fig. S2.

4002 The FEBS Journal 288 (2021) 40004023 © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies



H. Hoffmeister et al. Regulation of CHD3 and SNF2H remodelers by ligands

’ CHD3 EPHDI &Hzl lgi?qf;ﬂhcm—
oo SMMMEIR TN W T FNIEH RYL T8
o SEUBUMEAY NIRRT B AWAAD WY
%;2;3 zbj WP Y V'IIYTGDKDSF;\H DE msg:EDl GG R Emaert 2V TSYE T DQ Gs HW CLVm[:EtAHI"l KN 0SK GYK D

VIR LA | DO LGOI [ B LR T

105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200

sl E TR GER SO0 FNATORE P
R b LN SR R T PG R
C2H723 Q:%NFEALNSHGGGNQVSLLNIMMD KKCCNHPYLFPVAAMESPKLPSGAYESGeG]SIKiGKL |.LOKMLHKLKE(JGHRVn:Ii-'fSI(;.fITKMLDLLEDFLYEGYK
G I T IV DA
%;2)3 "% EI GHGAL E DH AGAQ FCFLLSTRAGGLGINLATADTVIJTDSDWNPHNDIQAFSRAHRIGOANK MIYRFVTHASVEERITQVAKHKM
el OTPH.,EV 1T N T30
AT [N 0

s ST 0 AL D 0
(194) 1o

"“M653 in SNF2H

The FEBS Journal 288 (2021) 4000-4023 © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 4003
Federation of European Biochemical Societies



Regulation of CHD3 and SNF2H remodelers by ligands

H. Hoffmeister et al.

A CHD3 SNF2H
Average Stdev Average Stdev
‘A EC50 LT 21:0lnw _‘A S0 219m 8L
e Hill coef. 6.0 3.0 =g =i Hill coef. 4.0 0.9
‘ »1 “ - o 7000 e . ‘ " 8000
' § 6000 s PR n=2 ';' 000 RERN n=2
- o Wil i,
L ‘UHHU-H §3000 D ad N Nl d g
= 3 2000
D | el et ot b et £ ww E . .
2 s, —
> 1000 . 11121314151617181920 3
1234567382910 0 . .
1 10 CHD3(nm) 100 10 100 SNF2H (nw) 1000
B c:
10 CHD3 10 SNF2H
Kp: 440 pm =+ 213 pm Kp: 238 pM =+ 93 pm { 33
08 0,8 ’ 2
T z §
306 306 T2
- - E
S04 £ & Ko app. a1e (M) 115 £ 18
4 I <
£ & g
02 I 02 J CHD3
0
0,0 0,0
0 100 200 300 400 500 600
1 10 100 1000 10000 1 10 100 1000 ATP (um)
ATP (um) ATP (nm)
4
10| CHD3 10 i .
08 { 08 [ } 33 i
T T 5
:: 06 { 306 1 { E )
2 { 8 =
g 04 So4 E
- & ¥* 4 Kin app. ap (BM) 131 + 13
oz1| SNF2H SNF2H
00 00 0
1 10 100 1000 10000 ' 1 10 100 1000 0 100 200 300 400 500 600
NAD (pm) NAD () ATP (um)
E
nucl. CHD3 nucl. SNF2H
rem. o0y 25 50 100 250 250 Ny 25 50 100 250 250 CHD3 SNF2H
(ATP) = + + + + - - + + 4+ 4+ - (ATP)- 1 5 25 125625 - 1 5 25 125 625
H H H I H @
=
~ - “ . H -@- A : H o
~ | . —@ o : 3
¢ . o | = | o
=z LJd Ld b o L ~ L o
NS J | - ' [ ] f
: WEHRHU L EEEELE |
& & -
: SINESIWISITL | [ WINE] LS
=2 =2 [
1 2 3 4 5 6 7 8 9 10 11 12 .
1 2 3 4 5 6 7 8 9 10 11 12
4004 The FEBS Journal 288 (2021) 40004023 © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



H. Hoffmeister et al. Regulation of CHD3 and SNF2H remodelers by ligands

Fig. 2. Comparative analysis of substrate affinities and enzymatic activities of CHD3 and SNF2H. (A) Quantification of binding affinities for
human CHD3 and SNF2H for binding to Cy3 labeled 0-NPS-0 mononucleosomes via EMSA (see also Materials and Methods). The ECggo-
values in the colored table derive from to 2 independent experiments with two different protein and nucleosome preparations (see also
Fig. S3A). The tables are embedded in a diagram, representing the quantification of the corresponding, pictured EMSA experiment (30.2 nM
Cy3-labeled 0-NPS-0 mononucleosomes, which were incubated with raising amounts (1 : 2 dilution) of CHD3 (left; highest concentration:
620 nv) and SNF2H (right; highest concentration: 2710 nm). CHD3 first replicate: ECso = 127 nm; n= 8.1 and SNF2H first replicate:
ECso = 253 nm; n = 4.6. Black asterisk represents shift products; black dot represents 0-NPS-0 nucleosome and D represents free DNA. (B)
Raising amounts (1 : 2 dilution) of ATP (upper panel) or NAD (lower panel) were incubated with 25 nm of tris-NTA fluorophore NT647
labeled CHD3-C-His (left; highest ATP/NAD concentration 20 mm) and N-His-SNF2H (right; highest ATP/NAD concentration 5 mm). The
experiments were performed at 40% (CHD3) or 80% (SNF2H) MST power. The data were analyzed in the T-Jump mode and fitted to a
one-site binding model to determine Ky values. The standard deviation represents n=8 (ATP_CHD3), n=6 (NAD_CHD3), n=6
(ATP_SNF2H), and n =6 (NAD_SNF2H) experiments. Due to its structural similarity to ATP, NAD was selected as negative control. (C)
40 nm CHD3 and 80 nm SNF2H were stimulated with nucleosomes (77-NPS-77), and the ATPase rate was measured for 40 min at 30 °C).
ATP was titrated from 8 to 600 pum. The resulting data were fitted to the Michaelis-Menten equation, to obtain apparent K., values. The
graphs show ATPase rates of a representative experiment, with the calculated apparent K, values. The standard deviation derives from
n=6 (SNF2H) or n=5 (CHD3) independent experiments. (D) 130 nm centrally positioned nucleosomes (77-NPS-77; upper panel) or
asymmetrically positioned nucleosomes (0-NPS-77; lower panel) were incubated with 1 mm ATP and the indicated [nm] concentrations of
CHD3 (left) and SNF2H (right) for 1 h at 30 °C. Remodeling reactions were analyzed on 6% native PAA gels. (E) 80 nm of 77-NPS-77 (upper
panel) and 120 nm of 0-NPS-77 (lower panel) mononucleosomes were incubated with 200 nm remodeling enzyme (left: CHD3; right: SNF2H)
at raising ATP [um] concentrations (indicated on top of the figure) for 1 h at 30 °C. One reaction served as a control and did not contain

ATP. After stopping the reactions, the remodeled nucleosome positions were resolved on 5-6% native PAA gels.

substrate, we can moreover conclude that chromatin
remodelers can bind independently to nucleosomes or
ATP alone (see also below).

We have next compared CHD3 and SNF2H in (well
established) ATP hydrolysis assays, which we have
performed in accordance to [38-40]. In a first test, we
have titrated ATP from 0 pum to 600 um at a fixed (77-
NPS-77) nucleosome concentration of 130 nm
(Fig. 2C), ensuring that the hydrolysis rates are linear
over the complete ATP concentration range during the
assay time (Fig. S3c). Unfortunately, it is not possible
to use mononucleosomes at ‘saturating’ concentrations
of 2 um or higher (see also Fig. 2A) in our assays,
since technical limitations (precipitation effects) in the
assembly procedure do not allow to achieve nucleo-
some concentrations of more than 1 um. However, free
dsDNA or nucleosomal arrays do not represent a sat-
isfying alternative to mononucleosomes, since DNA is
known to stimulate recombinant human Mi-2, but not
SNF2H [39,41]. However, we can finally show that
both enzymes exhibit Michaelis-Menten kinetics under
the mentioned, experimental conditions with apparent
K, values of 115 pum (£ 18) for CHD3 and 131 pm
(£ 13) for SNF2H (Fig. 2C). Our data are consistent
with intracellular ATP concentrations (100 um to
10 mm) [42,43] and published K, values for other
chromatin remodeling enzymes such as nucleosome
stimulated recombinant Mi-2 with 38 um [39], SNF2H
(1) and BRGI1 (ii)) with 37 um (£9) (i) and 200 pm
(£50) (ii)) [41], or yeast SWI/SNF complex with
126 pm [40]. Furthermore, both enzymes show compa-
rable hydrolysis rates at ATP concentrations of

600 pm, ranging above the calculated apparent K, val-
ues (Fig. S3d). The latter finding is also reflected by
nucleosome translocation assays (Fig. 2D). Taking into
account that chromatin remodeling enzymes from dif-
ferent subfamilies exhibit distinct template preferences
and nucleosome translocation properties [44], our
assays nevertheless allow the conclusion that CHD3
and SNF2H display comparable translocation activi-
ties at saturating ATP concentrations of 1 mM ATP
on middle (77-NPS-77)- and end (0-NPS-77)-posi-
tioned nucleosomes (Fig. 2D and Fig. S3e). Both
enzymes are able to move the central nucleosome to
the edge of the dsDNA strand (Fig. 2D, upper panel)
and vice versa (Fig. 2D, lower panel). However, nucle-
osome remodeling assays in the presence of rising ATP
concentrations (0 to 625 pum) on different nucleosomal
templates reveal that CHD3 already exhibits visible
nucleosome translocation activity at lower ATP con-
centrations in comparison with SNF2H (Fig. 2E and
Fig. S3f). Comparing both proteins in different bind-
ing and Kkinetic assays, we can show that they exhibit
similar substrate binding and enzymatic properties.
Although both proteins show similar ATP hydrolysis
activities (Fig. 2C and Fig. S3d), CHD3 seems to be
more efficient in coupling ATP hydrolysis to nucleo-
some mobilization.

ATP and ADP bind in the Q-motif of the ATPase
domain

Several ATP-hydrolyzing enzymes are regulated by
ADP [43]. We have therefore raised the question,
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whether this also applies to chromatin remodeling
enzymes, especially since the high degree of structural
identity between ADP and ATP would suggest a com-
petitive inhibition mode for ADP.

To start with, we have performed HDXMS experi-
ments in order to examine, whether and if so, in which
protein domains of chromatin remodelers ADP can
bind (Fig. 3 and Fig. S4). Unfortunately, due to prob-
lems with the long-term stability/activity of SNF2H
over several days (see also Supplementary Material
and Methods: Purification of Flag-tagged and His-
tagged remodeling enzymes), we have only been able
to perform HDXMS experiments with CHD3. To our
knowledge, this is the first presentation of HDXMS
studies for such a large protein (2000 aa) (Fig. S4a).
The ion mobility separation available on the Synapt
G2Si has allowed the detection of 174 peptides that
have been observed in all protein samples, providing a
high coverage of 62.9% of the CHD3 sequence
(Fig. S4a).

Our HDXMS experiments (Fig. 3 and Fig. S4) show
that the presence of ATP and ADP provide visible
protection in the peptide containing residues 739-745
with the highly conserved Q740 residue of the Q-motif
(Fig. 3A,B,D: green and Fig. S4b). The region N-ter-
minal of the conserved Q-residue (residues 729-738)
(Fig. 3A,B.D: dark-blue and Fig. S4b) also reveals
binding of ATP and ADP, albeit to a lesser extent
than residues 739-745. Interestingly, the effects of
ADP are more pronounced than those of ATP. Fur-
thermore, several ADP-specific binding sites are
detected. Exclusive ADP protection has been observed
in the peptide 760-771 that spans the I-motif (Fig. 3A,
B.D: red and Fig. S4b). Thus, ATP and ADP bind to
the Q-motif and the latter in addition to the I-motif.
Both motifs are in close proximity to the bound
nucleotide in the homology model of CHD3 (Fig. 3A).
Further regions of exclusive ADP protection include
residues 965-982 and 1040-1055 (between consensus
blocks C and K), which are in the linker region and

Regulation of CHD3 and SNF2H remodelers by ligands

distant from the main nucleotide binding pocket
(Fig. 3A,D: light-blue and orange, respectively, and
Fig. S4b). Interestingly, in addition to the identifica-
tion of nucleotide binding sites within the ATPase
domain, our HDXMS studies also reveal regions of
increased deuterium exchange upon ATP binding
(Fig. 3A,C,D and Fig. S4b). These include regions
within aa 1167-1180 (Fig. 3A,C,D: pink) and C-termi-
nal of the ATPase domain (aa 1318-1333, aa 1375-
1400, aa 1968-1978) (Fig. S4b). Increased exchange,
caused by binding of a ligand, can only be explained
by an allosteric ‘opening’ or increase in dynamics at a
region different from the binding region [45].

Finally, we cannot identify additional binding sites
for the nucleotides outside of the bipartite ATPase
domain. The overlap of ADP and ATP binding sites
in the Q-motif of the ATPase domain together with
the high structural similarity of both molecules argue
in favor of ADP acting as a competitive inhibitor on
CHD3. Since both enzymes show a high degree of
identity in the ATPase domain (Fig. 1B), it can be
assumed that this also applies to SNF2H.

While ADP comparably inhibits the ATP
hydrolysis rate of CHD3 and SNF2H, SNF2H-
dependent nucleosome remodeling is
preferentially inhibited compared to CHD3

To test, whether ATPase-dependent functions CHD?3
and SNF2H are inhibitable by ADP, we have per-
formed ATPase assays at fixed ATP concentrations of
125 um (Fig. 4A), close to the calculated, apparent K,
values (Fig. 2C) of both enzymes (with 77-NPS-77
nucleosomes). This allows a classification of the selec-
tivity of a putative ligand/inhibitor against different
enzymes based on its binding affinity for different
kinases, as there is a linear correlation between the
ICs9 and ATP concentration for competitive inhibitors
(see also Fig. 3 and Fig. S4) according to the Cheng-
Prusoff law (ICsy = K; + (K;/Ky, x [ATP])) [46]. The

Fig. 3. ADP, ATP, and IPg binding profiles in ATPase domain of CHD3. Hydrogen/deuterium exchange mass spectrometry (HDXMS) with
CHD3. A final concentration of 5 um CHD3 was incubated with T mm ATP, ADP, or IPs. Regions protected by ligands were resolved via MS
(see also Material & Methods). (A) Homology model of the CHD3 ATPase domain (amino acids 706 to 1227, done with I-TASSER server/
PyMOL v 1.8.0.6 programme, see also Supplementary S10 Material & Methods). The nucleotide binding site and regions with structural
changes are colored. The regions in the model in (A) are labeled with the same color code as the frames and boxes in (B), (C), and (D). (B) +
(C) Boxes with colored frames show selected graphs, presenting the deuterium uptake within 5 minutes within certain aa regions in the
absence or presence of ATP, ADP, and IPgs. The graphs presented in the colored boxes are discussed in detail in the text. Additional
deuterium uptake plots are given in Fig. S4b. The color code of the boxes in (B) and (C) corresponds to the colors used in (A) & (D). (D)
Schematic representation of the CHD3 ATPase domain (aa 706-1227). The boxes below the ATPase domain show regions protected (i.e.
bound) by ATP, ADP, and IPs. Boxes below the horizontal line represent regions with increased deuterium exchange (i.e. structural changes)
upon ATP or IPg binding. The color code of the boxes in (D) corresponds to the colors used in (A), (B), and (C).
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Fig. 4. ATP hydrolysis rates and nucleosome remodeling of CHD3 and SNF2H in the presence of ADP. (A) Chromatin (130 nm 77-NPS-77)
stimulated ATPase rate for CHD3 (40 nmv) and SNF2H (80 nm) was measured at 30 °C for 40 min, 125 um ATP and rising concentrations of
ADP, ADPBS, or ATPyS. Data were fitted to the Hill equation, to obtain ICso values (um) and a Hill coefficient (n). Data represent n =4
experiments for CHD3 and n = 3 experiments for SNF2H. (B) 120 nm of centrally (top: 77-NPS-77) and asymmetrically (bottom: 0-NPS-77)

positioned mononucleosomes were incubated with 200 nM remodeling enzyme (left: CHDS;

right: SNF2H) at 125 um ATP and in the

absence or presence of ADP (concentrations in um are indicated on top of the gels) for one hour at 30 °C. After stopping the reactions, the
remodeled nucleosome positions were resolved on 5% native PAA gels. The data represent n = 3 experiments.

ATP hydrolysis rates of both enzymes decrease with
raising ADP concentrations, whereby similar 1Cs, val-
ues of 56.7 (CHD3) and 56 (SNF2H) pm are reached
(Fig. 4A and Fig. S5a), which correlate well with phys-
iological concentrations of free ADP in the um range
[42,43,47,48]. Taken together, both enzymes exhibit
similar sensitivities for ADP [46] regarding ATP
hydrolysis. The calculated Hill coefficients (n) for
ADP range around 0.9 (Fig. 4A), arguing for a 1 : 1
binding stoichiometry [46]. Next, we have therefore

4008

tested, whether ADP also inhibits the nucleosome
translocation activity of CHD3 and SNF2H. We have
performed nucleosome remodeling assays with cen-
trally (77-NPS-77)- and end (0-NPS-77)-positioned
nucleosomes at a fixed ATP concentration of 125 um
(around the calculated apparent K,) and varying ADP
concentrations (Fig. 4B). Both remodelers display a
visible translocation activity at this ATP concentra-
tion, and the reactions are not yet completely ‘end-re-
modeled’ (Fig. 2E and Fig. S3f). CHD3 efficiently
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repositions the nucleosome to the edge of the dsDNA
or to the center of the dsDNA fragment (depending
on the nucleosome type), even in the presence of a
fourfold excess of ADP over ATP, where it starts to
show first signs of inhibition (Fig. 4B, upper panel
(left): compare lane 3 with 4,6,8; lower panel (left):
compare lane 3 with 5,7,9). In contrast, SNF2H
behaves differently and is already visibly inhibited at a
fourfold deficit for ADP compared with ATP (Fig. 4B,
upper panel (right): compare lane 13 with 14,16,18;
lower panel: compare lane 13 with 15,17,19). This can
be also seen on physiological templates such as droso-
phila HSP70 promotor or mouse rDNA promotor
(Fig. S5b). Taken together, CHD3 and SNF2H are
comparably impaired in their ATP hydrolysis rates
(Fig. 4A), but the remodeling activity of SNF2H is
more affected than that of CHD3 (Fig. 4B and
Fig. S5b). The latter observation is also reflected,
albeit to a lesser pronounced extent, by remodeling
experiments with 77-NPS-77 nucleosomes under satu-
rating substrate concentrations (1 mm ATP) (Fig. S5c¢).
We can see that the remodeling activity of SNF2H
decreases in correlation with the increase of ADP and
is completely stopped at 3 mm ADP. CHD3, however,
shows no significant change in remodeling at ADP
concentrations between 250 and 1000 um. But at 3 mm
ADP, it is also nearly completely blocked (Fig. S5c¢).

To examine whether nucleotides might somehow
influence the binding behavior of remodeling enzymes
to nucleosomes, we have performed IP experiments
with Streptavidin immobilized, biotinylated 77-NPS-77
nucleosomes. Our experiments reveal that the absence
or presence of | mM ADP or of 1 mm of the nucleo-
tide analogues ATPyS (nonhydrolysable) or ADPBS
(see also below) does not prevent SNF2H and CHD3
from binding to nucleosomes (Fig. S5d). This in turn
excludes a significant decrease or loss of nucleosome
affinity as an explanation for the differences in remod-
eling activity in the presence of ADP between SNF2H
and CHD3.

A possible explanation for our observations could
therefore be a difference in enzymatic processing
power, as we have already seen it in Fig. 2E (and
Fig. S3f), finally allowing CHD3 to transfer the
remaining energy of the impaired ATP hydrolysis
more efficiently into the nucleosome translocation pro-
cess than SNF2H. In addition, they suggest selective
regulability of remodeling enzymes, allowing in turn
fine regulation of the chromatin structure depending
on physiological conditions.

The differential regulation of the two remodelers by
ADP suggests that these enzymes may also exhibit dif-
ferent susceptibilities to other nucleotide-based

Regulation of CHD3 and SNF2H remodelers by ligands

compounds binding at the ATPase domain. We have
therefore tested the inhibitory potential of further
nucleotide analogues such as ADPBS and ATPyS in
radioactive ATPase assays (Fig. 4A and Fig. S5a). Just
like ADP, ATPyS and ADPS reduce the hydrolysis
rate of the two enzymes with increasing concentrations
(Fig. 4A and Fig. S6a). ATPyS is the least potent
molecule, being reflected by similarly high ICsy values
of 182 um for CHD3 and 187 um for SNF2H
(Fig. 4A). In contrast, ADPBS inhibits SNF2H (i)
fourfold more strongly than CHD3 (ii) (ICsy values 26
uM (i) and 125 pm (ii), respectively, see Fig. 4A). The
calculated Hill coefficients (n) for all three molecules
range between 0.8 and 1.0 (Fig. 4A), which (again)
speaks more for a 1 : 1 binding stoichiometry than for
cooperative effects [406].

In addition, we can show preliminary data for
ApCp, exhibiting as well a stronger inhibitory effect
on the ATP hydrolysis rate of SNF2H than for CHD3
(Fig. S5a).

ADP inhibits CHD3 and SNF2H in a competitive
inhibition mode

Our binding and enzymatic assays show that ADP
inhibits both enzymes and binds into the substrate
pocket of CHD3, suggesting a competitive inhibition
mechanism (Figs 3 and 4). In order to examine the
ADP inhibition mode in more detail, we have per-
formed in addition kinetic ATP hydrolysis assays, as
presented in Fig. 2C (with 77-NPS-77 nucleosomes).
The addition of 10 pm and 20 um ADP results in
increased K, values of both remodelers, without any
significant changes in the V. values (Fig. 5A), when
fitting the curves without constraints. This result again
suggests that ADP acts as a competitive inhibitor
(Fig. 5A), a finding, which is also supported by nucle-
osome remodeling assays on centrally (77-NPS-77)- or
end (0-NPS-77)-positioned nucleosomes (Fig. 5B/6B).
The remodeling assays have been performed according
to the experiments presented in Fig. 4B (and Fig. S5b)
in the presence of 300 um or 500 um ADP, since we
can anticipate a visible inhibition effect in the remodel-
ing activity of both enzymes after one hour (and see
also Fig. 4A). As expected, the presence of ADP inhi-
bits histone octamer translocation, maintaining nucleo-
somes rather at the initial (central or edge, depending
on the respective nucleosome type) position (Fig. 5B,
compare lanes 2/6; 10/14 and Fig. 6B, compare lanes
2/10 and 15/20). The addition of extra ATP after one
hour of incubation (Fig. 5B, lanes 8-9; 16-17 and 6b,
lanes 12-13; 22-24) enhances the remodeling activity
of both remodelers (inhibited and noninhibited,
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Fig. 5. Experimental analysis of the ADP inhibition mechanism for CHD3 and SNF2H. (A) 40 nm CHD3 and 80 nm SNF2H were stimulated
with nucleosomes (77-NPS-77) and the ATPase rate was measured (40 min, 30 °C) in the absence (blue) or presence of 10 um (green) and
20 um (violet) ADP. ATP was titrated from 8 to 600 pum. The resulting data were fitted to the Michaelis-Menten equation, to obtain apparent
K., values. The graphs show ATPase rates of a representative experiment, overlaid with the calculated apparent K., values as colored lines.
The standard deviation derives from n= 6 (SNF2H) or n = 5 (CHD3) independent experiments. The graphs, presenting the noninhibited
Michaelis-Menten kinetics for CHD3 and SNF2H are identical with those from Fig. 2C. (B) 200 nM CHD3 and SNF2H were incubated with
120 nm mononucleosomes and 125 um ATP in the absence or presence of 300 um ADP (1 h, 30 °C). Reactions were either stopped after
1 h (- ATP: lanes 2, 6, 10, 14) or incubated for a further hour at 30 °C with 0.5 mm ATP (0.5), 1.0 mm ATP (1.0), or water (+ H,0) [lanes 3—
5, 7-9, 11-13, 15-17]. After stopping, the reactions were loaded on a 6% PAA gel to visualize and resolve the remodeled nucleosome
positions. The data represent n=3 experiments. (C) 200 nv of proteins was incubated with 0.375 pnCi S2P-y-ATP and
indicatedconcentrations of nonradioactive ATP or inhibitors (30 min, 30 °C). The reactions were spotted on a nitrocellulose membrane.
Bound 32P-y-ATP was quantified with a phosphoimager screen. Error bars represent the standard deviation (SD) of three technical
replicates.
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marked with red dots between lanes 5/6 and 8/9),
resulting in a higher fraction of central- or edge-posi-
tioned nucleosomes (depending on the respective
nucleosome type). The effects caused by the surplus of
ATP are higher than the effects of water controls (+
H,O) carried along. The reversal of ADP inhibition by
adding an excess of ATP argues again for a competi-
tive inhibition mode. These observations are in good
agreement with data from filter binding assays, which
have been performed according to [9,11] (Fig. 5C).
Nonradioactive ATP and to a lower extent nonra-
dioactive ADP displace radioactive ATP, being bound
to the (filter) immobilized CHD3 and SNF2H proteins
(Fig. 5C). In correlation with the HDXMS data, pre-
sented in Fig. 3, we suggest that ADP binds to the
substrate binding site of CHD3 and SNF2H, which is
in accordance with a competitive inhibition mode [46].

IPg exhibits distinct inhibition modes for CHD3
and SNF2H

The differential regulation of CHD3 and SNF2H by
ADP has made us questioning, whether other cellular
signaling molecules would also selectively regulate
chromatin remodeling enzymes. IP¢ has been previ-
ously shown to regulate rNURF [Iswi subfamily],
yISWI2 [Iswi subfamily], SWI/SNF [Snf2 subfamily],
INO80 complex [Ino80 subfamily], and hIno80 [Ino80
subfamily] (Fig. S6a) [49-51]. Accordingly, we have
tested the family of inositol phosphates, including IPs,
1Py 345, IP1 456, IPs, and IPg, for their effects on the
nucleosome translocation activity of CHD3 and
SNF2H on edge (0-NPS-77)- and centrally (77-NPS-
77)-positioned nucleosomes, using ADP as a compara-
tive control (Fig. 6A and Fig. S6b). The assays have
been performed according to the experiments pre-
sented in Fig. 4B (and Fig. S5b) with a fixed concen-
tration of 500 um IPs (or ADP), corresponding to the
IPs concentration range used in [49,51]. As inositol
phosphates might complex the essential magnesium
ions [51], we increased the magnesium concentration in
our assays to 2.5 mM, allowing efficient nucleosome
remodeling without aggregating chromatin [52]. IP;
and IP, 345 do not affect the enzymatic activities of
CHD3 and SNF2H, while IP, 45 ¢ exhibits—if at all—
only marginal inhibitory effects. However, IP5 and IPg
visibly reduce the nucleosome remodeling activity of
both enzymes (Fig. 6A and Fig. S6b). Since there are
more experimental data available for the direct influ-
ence of IPg on chromatin remodelers [49,51], we fur-
ther focus on experiments with IPg.

IPs-dependent inhibition of nucleosome transloca-
tion is—similar to ADP—more pronounced for

Regulation of CHD3 and SNF2H remodelers by ligands

SNF2H than for CHD3 (Fig. 6A,B and Fig. S6b).
As shown for ADP and ATPyS, IP4 does not prevent
SNF2H and CHD3 from binding to nucleosomes
(Fig. S6¢c). We have therefore next examined whether
IP¢ inhibition can be reverted by rising ATP concen-
trations in a remodeling assay, as shown in Fig. 5B/
6B for ADP (Fig. 6B). As a substrate, we have cho-
sen edge-positioned nucleosomes and IP¢ and ADP
(the latter one serving again as a comparative con-
trol) have been used at concentrations of 500 pum.
Surprisingly, only the remodeling activity of CHD?3 is
recovered by an excess of ATP. In case of SNF2H,
surplus of ATP does not reverse the inhibition even
at higher concentrations (Fig. 6B). These results are
substantiated by ATP filter binding experiments
(Fig. 6C). Similar to nonradioactive ADP, nonra-
dioactive IP¢ displaces radioactive ATP, bound to (fil-
ter) immobilized CHD?3, albeit with a lower efficiency
than ADP (Fig. 6C). In contrast, in case of SNF2H
only rising amounts of ADP, but not of IP4 are cap-
able to compete for the bound radioactive ATP
(Fig. 6C). Taken together, our kinetic and binding
assays propose a competitive IPg inhibition mode for
CHD3, but not for SNF2H. The competitive IPg
inhibitor aspect for CHD3 is further supported by
HDXMS experiments (Figure 3 and Figure S4). Our
HDXMS experiments (Fig. 3 and Figure S4) show
that just like ADP and ATP, IP¢ provides visible pro-
tection in the peptide containing residues 739-745
with the highly conserved Q740 residue of the Q-mo-
tif (Fig. 3A,B,D: green and Fig. S4b). The effects of
IP¢ on this protein region are considerably weaker
than those of ATP and ADP. Furthermore, the
region comprising residues 797-811, subsequent to
motif la and adjacent to the predicted nucleotide
binding pocket, is exclusively protected by IPg
(Fig. 3A,C,D: yellow and Fig. S4b).

Finally, no additional binding sites for IPg outside
of the bipartite ATPase domain of CHD3 have been
identified. This finding is in agreement with the com-
petitive binding mode of ADP and IPs in CHD3.

Interestingly, in addition to the identification of
nucleotide binding sites within the ATPase domain,
our HDXMS studies also revealed regions of increased
deuterium exchange upon IPg binding (Fig. 3A.C,D
and Fig. S4b). Regions of increased exchange upon
IPs binding either include protein domains, where
ATP and/or ADP are actually binding (Fig. 3A,B,D:
dark-blue, red and light-blue), or novel regions, lack-
ing binding of ATP or ADP (Fig. 3A,C,D: brown,
dark pink, gray and black). We also observe regions
of increased deuterium exchange, identical for IPs and
ATP (ATP effects are always weaker) (Fig. 3A,C,D:
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In summary, the experiments suggest a competitive
IP¢ inhibition mode for CHD3, but a different model
for SNF2H.

pink and Fig. S4b). Our data clearly indicate structural
rearrangements of CHD3 upon binding of ATP and
1P, but not of ADP.
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Fig. 6. Nucleosome remodeling of CHD3 and SNF2H in the presence of IPg. (A) 100 nm CHDS (left) and SNF2H (right) were incubated for
1 h at 30 °C with 130 nm end positioned (0-NPS-77) mononucleosomes, 125 um ATP, and 500 pwm of different inositol phosphates. 500 um
ADP served as positive control for a validated inhibitor (see also Figs 2A and 3B). The data represent n = 2 experiments. (B) Remodeling
reactions with inhibitors were carried out as in (A). After 1 hour, some samples were stopped (lanes 2, 6, 10, 15, 20, and 25), while others
were supplemented with water (+ H,0) or with 1 (1.0), 2 (2.0), or 4 (4.0) mm ATP (lanes 3-5, 7-9, 11-13, 16-19, 21-24, and 26-29) and
incubated for a further hour at 30 °C. After stopping these reactions, all samples were loaded on 6% PAA gels to visualize and resolve the
remodeled nucleosome positions. The data represent n = 2 experiments. (C) 200 nm of proteins were incubated with 0.375 uCi 32P-y-ATP
and indicated concentrations of nonradioactive ATP, ADP or IPg for 30 min at 30 °C. The reactions were spotted on a nitrocellulose
membrane. Bound *2P-y-ATP was quantified after exposure on a phosphoimager screen. Error bars represent the standard deviation (SD) of
three technical replicates. The values for the titration of nonradioactive ATP and ADP serve as comparative controls and derive from the

assay in Fig. 5C.

Three Q- and I-motif variants of CHD3 and only
one cancer-associated Q-motif variant of SNF2H
are able to translocate nucleosomes

We have demonstrated that various ATPase-dependent
processes of CHD3 and SNF2H are differently
affected by inhibitors like ADP, ADPS, and IP¢ (Figs
1-6). Furthermore, we have identified distinct inhibi-
tory modes of IP¢ for CHD3 and SNF2H, respec-
tively. We propose that these differences might be
causally linked with sequence differences in the
ATPase domain of the two enzymes (Fig. 1B and
Fig. S1,2). In order to experimentally address this
aspect by another experimental approach, we have per-
formed mutagenesis study on two ATPase domain
motifs with documented functional relevance in SF2
helicases [53-55], to compare both enzymes in various
ATPase-dependent processes and activities.

We have exchanged the highly conserved Q740/184
(Q-motif: CHD3/SNF2H) and K767/211 (motif I
CHD3/SNF2H) residues in the N-terminal part of the
ATPase domain with biochemically similar amino
acids or alanine in the context of both full-length pro-
teins. Both amino acids belong to motifs, which are in
close contact with ADP or ATP according to the
HDXMS experiments (Fig. 3 and Fig. S4), and which
have been shown to stimulate the ATPase and chro-
matin remodeling activities of BRG1 upon binding to
nucleosomes, probably via allosteric mechanisms [11].
Additionally, we have studied a SNF2H mutant (Q-
motif, D182N) being associated with cancer progres-
sion (Cosmic database) [56]. We have expressed the
proteins in Sf21 «cells and have purified them
(Fig. S7a/c) in order to compare them in various enzy-
matic and binding assays (Fig. 7 and Fig. S§8/9).

Our filter binding assays reveal that all mutants are
still capable of binding ATP (Fig. 7A). These assays
do not enable quantitative conclusions [11]. However,
since all proteins exhibit ATP signals above the IgG
background, which can be competitively displaced by
nonradioactive ATP, the results therefore suggest that

all our proteins are able to specifically bind ATP (in
the absence of nucleosomes).

Next, we have tested the ATPase activity of the
enzymes in the absence and presence of 77-NPS-77
nucleosomes (Fig. 7B). All mutants exhibit a general
loss of nucleosome stimulated ATPase activity
(Fig. 7B). Surprisingly, the basal (= nonstimulated)
ATPase activity of all mutant enzymes is similar to the
basal activity of the nonstimulated wild-type enzyme
(Fig. 7B), suggesting that none of the mutated amino
acids are required for nucleotide binding or basal (=
nonstimulated) ATP hydrolysis, but rather for the per-
ception and/or transmission of the nucleosome-depen-
dent stimulation of the ATP hydrolysis rate. These
observations are in agreement with findings made for
hBRG1 Q- and motif I-mutants [11].

Nucleosome binding assays with biotinylated 77-
NPS-77 nucleosomes show that the loss of nucleosome
stimulated ATPase activity does not result from the
inability of the enzyme variants to bind nucleosomes.
Similar to the wild-type proteins, all mutant proteins
can still bind centrally positioned nucleosomes
(Fig. S8).

Ongoing (basal) ATP hydrolysis and the unaltered
ability to bind to nucleosomes have prompted us to
test, whether the enzymes are still capable to remodel
nucleosomes. We have therefore performed nucleo-
some translocation assays on central (77-NPS-77)- and
edge(0-NPS-77)-positioned nucleosomes in the pres-
ence of 1 mM ATP, where both wild-type proteins
exhibit a clearly visible nucleosome translocation activ-
ity (Fig. 7C, lanes 6/7, 20/21, 35/36, 47/48, and
Fig. S9, lanes 6/7, 20/21, 35/36, 47/48, 62/63, 77/78).
In correlation with the ATPase assays (Fig. 7B), most
of the CHD3 and SNF2H mutants display no detect-
able remodeling activity on both nucleosome types
(Fig. 7C and Fig. S9). However, the K767R, Q740E,
and Q740A variants of CHD3 and only the cancer-re-
lated SNF2H variant (D182N) are still able to visibly
translocate  nucleosomes on both  nucleosome
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Fig. 7. Comparative functional analysis of the Q-motif and motif | mutants of CHD3 and SNF2H. (A) ATP binding of CHD3 (left), SNF2H
(right) and their respective mutants. 200 nm of proteins were incubated with 0.375 uCi 32P-y-ATP in the absence or presence of the
indicated concentrations (in pum) of nonradioactive ATP. The reactions were spotted on a nitrocellulose membrane. Reactions with 200 nwm
IgG served as a control. Bound *?P-y-ATP was quantified after exposure on a phosphoimager screen. Error bars represent the standard
deviation (SD) of three technical replicates. (B) 40 nm CHD3 (left), 80 nm SNF2H (right) and their respective mutants were incubated with
130 nM mid positioned (77-NPS-77) mononucleosomes, 0.1 pCi *2P-y-ATP, and 500 pm nonradioactive ATP for 40 min at 30 °C. The data
represent n = 2 experiments. (C) Chromatin remodeling assays with CHD3, SNF2H, and their respective mutants. Increasing concentrations
of WT protein (indicated in the figure in nv) and 250 or 500 nm of the mutant proteins were incubated with 130 nm end positioned (0-NPS-
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templates, albeit with less activity than the respective
wild-type protein (Fig. 7C, lanes 10/11, 14/15, 37-40,
55/56, and Fig. S9, lanes 10/11, 14/15, 37-40, 55/56, 70/
71, 85/86). Control reactions, containing the same con-
centration of remodeling enzyme without ATP ensure
that the observed nucleosomal band patterning derives
from ‘active’, ATP-dependent mechanical nucleosome
translocation and not from nonspecific binding events.
Finally, our data show that CHD3 is less sensitive to
the replacement of both highly conserved and func-
tional relevant amino acids than SNF2H regarding its
nucleosome translocation activity. In other words,
CHD3 is again more efficient than SNF2H in convert-
ing the remaining energy of an impaired ATP hydrolysis
(Fig. 7B) into nucleosome translocation. This correlates
with the more robust activity of CHD3 in nucleosome
remodeling at low ATP concentrations or in the pres-
ence of ADP, when compared to SNF2H (Figs 2E, 4B
and Fig. S3f, S5b). Beyond that, our CHD3 remodeling
data allow the conclusion that the highly conserved Q-
and K-residues are not only involved in transmitting
nucleosome-dependent stimulation on the ATP hydrol-
ysis rate (see also Fig. 7B), but also in transferring the
energy, released from ATP hydrolysis, into the mechani-
cal movement of nucleosomes.

Most plausibly, differing ATPase domain residue
interactions, not necessarily restricted, but certainly
including the two conserved residues, cause the func-
tional differences observed in the mutants, as well as
in CHD3 and SNF2H with respect to ADP, ADPS,
and IPg.

Discussion

We have shown that ADP can competitively inhibit
ATP hydrolysis and nucleosome remodeling of CHD3
and SNF2H by binding to the ATPase domain of both
enzymes (Figs 3-5 and Figs S4 and S5c). In accor-
dance to this finding, the ATP hydrolysis activity of
both remodelers can be inhibited by further nucleotide
analogues such as ATPyS, ADPfS, or ApCp (Fig. 4A
and Fig. S5a). Interestingly, both enzymes display dif-
ferent sensitivities toward nucleotide-inhibitors in vari-
ous ATPase-dependent processes. For example,
SNF2H reacts to ADPBS with a sensitivity four times
higher than CHD?3 regarding the ATP hydrolysis activ-
ity, a tendency which we can also observe in prelimi-
nary experiments for ApCp (Fig. 4A and Figure S5a).
Since ApCp and ADPS are nucleotide analogues with
modified o- and/or B-phosphate(s), our data would
therefore offer a broad basis for developing ‘SNF2H-
specific’ inhibitors. In addition, compared to CHD3,
the nucleosome remodeling activity of SNF2H is

Regulation of CHD3 and SNF2H remodelers by ligands

strongly affected by ADP (Figs 4B, 5B, 6B and Fig-
ure S5b,c and S6b). Since nucleotides do not inhibit
the binding of both enzymes to nucleosomes (Figs S5d
and S6¢) and both enzymes exhibit comparable ADP
ICs5o values in ATP hydrolysis assays (Fig. 4A) and
enzymatic activities in general (Fig. 2 and Fig. S3), we
propose that CHD3 requires less energy for nucleo-
some remodeling than SNF2H. This is in line with our
remodeling data for both enzymes, which show that
CHD?3 can visibly translocate nucleosomes at much
lower ATP concentrations compared to SNF2H
(Fig. 2E and Fig. S3f). Finally, our nucleosome
remodeling experiments of the CHD3 and SNF2H Q-
and I-motif mutants also support this idea (Fig. 7C
and Fig. S9). All mutants can still bind nucleosomes,
exhibit comparable wild-type similar basal (nonstimu-
lated) ATP hydrolysis rates, but fail to increase the
ATPase hydrolysis rates in the presence of nucleo-
somes (Fig. 7B and Fig. S8), matching our previous
results for BRG1 [Snf2 subfamily] [11]. But different
to BRGI, three CHD3 (Q740A/E and K767R) vari-
ants and only the cancer-relevant SNF2H (D182N) Q-
motif variant still allow a sufficient transfer of the
released lower energy levels into nucleosome move-
ment (Fig. 7C and Fig. S8). Even if the mutants would
show slightly worse affinities to nucleosomes, which
we admittedly cannot detect with the sensitivity of the
IP approach, this would not satisfyingly explain the
drastic breakdowns in ATPase hydrolysis rates and
nucleosome remodeling activities (Fig. 7B,C and
Fig. S9). Our findings therefore suggest that amino
acid interactions, including the highly conserved Q-
and K-residues, and/or conformational changes in the
ATPase domains (Fig. 1 and Supplementary
Fig. S1,2), play distinct regulatory roles in the
ATPase-dependent functions of CHD3 and SNF2H,
ultimately allowing a ‘more efficient coupling’ between
ATP hydrolysis and nucleosome remodeling for
CHD3, than for SNF2H (or for BRG1). Interestingly,
similar observations, such as that ATP hydrolysis rate
and remodeling activity do not necessarily have to cor-
relate causally, have already been made for other
remodeling enzymes. A mBRGI E1083G (in the
ATPase domain) variant reveals a reduced nucleosome
remodeling activity, despite a normal ATPase activity
[57]. On the other hand, yeast SWI/SNF [Snf2 subfam-
ily] has been shown to exhibit a stimulated nucleosome
mobilization activity in the presence of IP4 and IPs,
without changes in the ATP hydrolysis rate [49].
Beside ADP, we have confirmed IPg as a further
endogenous molecule that inhibits the remodeling
activity of CHD3 and SNF2H (Fig. 6A,B and
Fig. S6b). This is in agreement with the observations
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made for hINOSO [Ino80 subfamily] by [51]. The inhibi-
tory effect of IPg¢ is already visible at concentrations of
0.5 mM (Fig. 6A,B and Fig. S6b), what is within the
value range of the intracellular IP4 concentrations (10
uM to 1 mM) [58-60]. Interestingly, IPs and its precur-
sors play a role in various nuclear processes like tran-
scriptional control, DNA repair, mRNA export, or
chromatin remodeling [61-64]. IP¢ is a competitive inhi-
bitor of CHD3, but IPs cannot be displaced from
SNF2H by excess ATP (Figs 3, Fig. 6B,C and
Fig. S4b). In this regard, it is interesting to note that
Willhoft et al. [S1] have proposed a noncompetitive IP¢
inhibition mode for INO80 with the putative IP¢ bind-
ing site between aa 487 and 1556 (including the bipar-
tite ATPase domain). However, in contrast to our
results for SNF2H, INOS8O0 exhibits an almost 10 times
reduced nucleosome binding affinity in the presence of
1 mM ATP and 250 pum IPg [51]. Even though our IP
approach does not allow for a quantitative analysis,
changes in this size range should be visible. Further-
more, we consider a reduced nucleosome affinity as the
sole explanation for the drastically reduced remodeling
activity as rather unlikely (see also above). Beyond that,
our data also show that CHD3 and SNF2H can bind
nucleotides and nucleosomes independently, indicating
that the substrates tend not to influence the binding of
the respective other substrate (Fig. 2A,B, Fig. 3,
Fig. 5C, Fig. 6C, Fig. 7A and Supplementary Figs S4,
5d, 6¢), as it has been already shown for BRG1 [11].
Although the inhibition mechanism for SNF2H has not
been explored in detail, our results show that two
remodelers from two subfamilies seem to be inhibited
by IP¢ via different mechanisms, putatively including
targeting of distinct protein domains. However, an
amino acid alignment between SNF2H full length and
the proposed IPs binding site of INOSO (Fig. S6a)
reveals no significant sequence identity, except in the N-
terminal half of the ATPase domain, which would open
the possibility of a noncompetitive inhibitor that binds
in the active side [65]. But of course other inhibitory
modes such as competitive binding with IPg having
higher affinity (so ATP cannot displace it) or mixed
binding, where IP4 binds both the ATPase domain and
another domain, which is also affecting the enzymatic
activity cannot be excluded.

Interestingly, the aspect of different binding sites of
the ligands, tested in terms of this manuscript,
becomes even apparent on a small scale, since the ‘IPg-
binding footprints’ in the ATPase domain of CHD3
differ in part from those generated by ADP (and
ATP) (Fig. 3 and Fig. S4b). Moreover, in contrast to
ADP, 1P causes structural changes, being reflected by
regions of increased deuterium exchange (Fig. 3D and
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Fig. S4b). Taken together, the data indicate that ADP
and IPg perform competitive inhibition on ATPase-de-
pendent processes of CHD3 by (i) partially different
binding sites within the ATPase domain and/or (ii) dif-
ferent concomitant events such as ligand-specific struc-
tural rearrangements.

In line with our experiments, arguing for functional
differences between CHD3 and SNF2H in ATPase-de-
pendent activities, sequence alignments show minor,
but characteristic differences in the ATPase domains
of both enzymes (despite a high general sequence iden-
tity in this part) (Fig. 1B and Figs S1,2). Interestingly,
‘sequence insert 3’ colocalizes with a HDXMS peptide,
covering amino acids 1040-1055 and showing exclusive
ADP binding ‘footprints’ (Fig. 1B, Fig. 3A,D and Figs
S1, 2, 4b (orange frame)). Furthermore, a cryo-EM
study of hCHD4 that shares 71.6% identical residues
with the homologous CHD?3 [10] reveals that the coun-
terpart of ‘sequence insert 3’ in CHD4 also contacts
nucleosomal DNA [66]. Beyond that, some of the
detected inserts align with parts of loops in our homol-
ogy models of the ATPase domains of CHD3 and
SNF2H (Fig. 1B and Fig. S1). Helicase-like enzymes
undergo conformational changes upon ATP hydroly-
sis, comprising reorientations of both RecA-like
domains relative to each other or of single ATPase
domain parts [6,37,67]. Accordingly, we observe
regions with increased deuterium exchange in- and
outside of the ATPase domain, upon ATP binding
(Fig. 3 and Fig. S4b, pink frame). Taken together, it is
therefore conceivable that these sequence differences in
the ATPase domains of CHD3 and SNF2H are a rea-
son for the different/remodeler-specific behavior
regarding various ATPase-dependent processes in the
presence of inhibitory ligands or upon mutagenesis of
conserved ATPase domain motifs.

Certainly, ‘subfamily-specific remodeler domains’
other than the ATPase domain may also account for
the observed functional differences between CHD3
and SNF2H. However, studies of dISWI (i) [Iswi sub-
family] and S. cerevisiae CHDI1 (ii) [Chdl subfamily]
suggest that the ATPase domain rather represents the
central and basic functional domain of these enzymes,
being merely influenced by domains such as HSS (i) or
Chromo- and DBD (ii) regarding template affinity
and/or specificity or nucleosome positioning specificity
[25,30,33,34]. Interestingly, the ATPase domain of
ISWI even exhibits an autonomous nucleosome
remodeling activity [34]. Since wild-type CHD3 and
SNF2H exhibit comparable substrate affinities and
enzymatic activities in general (Fig. 2 and Fig. S3), we
therefore propose that the sequence differences in the
ATPase domains of both remodelers mainly account
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for the different functional results. This also implies
that the ATPase domains are suited as targets for
specific inhibitors. Accordingly, also Vangamudi and
colleagues [23] have proposed the idea that the ATPase
domain surpasses the Bromodomain (testing PFI-3 as
a Bromodomain inhibitor) as drug target in SWI/SNF
mutant cancers, since the Bromodomain function of
SMARCA4 [Snf2 subfamily] has been found to be
insubstantial for tumor cell proliferation, whereas the
ATPase activity has been crucial. In our opinion, the
presence of ‘subfamily-specific accessory domains’
could therefore possibly even help to achieve ‘tailor
made’ (regulative) effects of ATPase targeted drugs for
certain chromatin remodelers.

Beyond that, our data suggest that endogenous
molecules such as ADP and IPg also regulate chro-
matin remodeling enzymes in living cells. Distinct
nucleosome positioning properties have been ascribed
to remodeling enzymes, arguing for a certain ‘nucleo-
some barcoding system’ generated by remodeling
enzymes [10,20]. The differential in vivo regulation of
remodeling enzymes by ADP or IPg would allow fur-
ther fine tuning of this ‘barcoding’ in order to react
specifically and individually to diverse physiological
and pathological events like for example cancer, which
is known to cause changes in the ATP/ADP ratio [68].
In mouse pancreatic beta cells, the ATP/ADP ratio
rises from ~2-3 to ~8-9 upon glucose stimulation and
decreases in ischemia from ~8 to ~0.4 [69-73]. Our
experiments reveal remodeler subfamily differences in
sensitivity to such ATP/ADP ratios in vitro, represent-
ing therefore a valid in vitro model to study the regula-
tion of such enzymes upon changes in the ATP/ADP
proportion (Figs 4-6 and Figs S5a-c, S6b). In this
regard, it is interesting to note that initial attempts to
deplete ATP upon sodium azide treatment in U20S
and HEK293T cells, indicate that SNF2L [Iswi sub-
family] and SNF2H exhibit higher mobility and a
lower percentage of chromatin immobilization in com-
parison with nontreated cells in FRAP and FCS exper-
iments [74]. Furthermore, they show that the naturally
occurring, ATPase-deficient SNF2L mutant (SNF2L
+13: splice variant), exhibits higher diffusion coeffi-
cients and a lower immobile fraction than the SNF2L
wild-type protein in control and ATP-depleted U20S
cells. On the other hand, ChIP experiments of Xie and
coworkers [75] showed that the KR-mutant (motif I)
of CHD4, a protein very similar to CHD3 [10], is
binding as efficiently to the rDNA locus than the wild-
type CHD4 protein. In line with the latter findings,
our in vitro binding studies show that ADP, ATPyS,
or ADPS or the mutagenesis of the highly conserved
Q- and K-residues of the Q-motif and motif I do not
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prevent CHD3 and SNF2H or their variants from
binding to nucleosomes (see also above and Figs S5,
6¢c, 8). Remodeling enzymes normally act in the con-
text of protein complexes in living cells [5], so teasing
apart the differences between purified and cellular sys-
tems will require further studies. Looking at the exper-
imental tools, currently available in chromatin
research, the analysis of nucleosome translocation by a
single remodeler in cells will be challenging, since most
of the genomic loci are regulated and targeted by more
than one remodeling enzyme [76].

Ultimately, our data strongly suggest the ATPase
domain as a valuable target for endogenous regulation
and deliver a promising basis to design more selective
nucleoside and nucleotide analogues like ADPBS or
ApCp and as well IP¢ derivatives in order to enable
remodeler-specific ATPase targeting. Because nucleo-
tide analogues are already widely used for treatments
of cancer or Herpesvirus infections [77,78] and as IPg
has an anticancer effects [79], such therapeutic
approaches can be further investigated based on this
pool of existing experience.

Materials and Nethods

Nucleosome assembly

The nucleosome assembly strategy and procedure is
described in detail in [10]. In brief, for the assembly of cen-
trally (77-NPS-77/0-NPS-0) and end positioned (0-NPS-77)
mononucleosomes, with 77 or 0 bp comprising linker
DNA, primer combinations from [10] were used, in order
to amplify the respective DNA sequences from a Bgl II
digested and gel purified DNA fragment of pPCRScript_-
slogl-gla75. In case of the biotin labeled, centrally (77-
NPS-77) positioned nucleosomes, the reverse primer (GTA-
CAGAGAGGGAGAGTCACAAAAC) was labeled at its
5’-end with biotin. In case of the Cy3-labeled 0-NPS-0
nucleosome, the reverse primer (TAGCTGTATATATCT-
GACACATG) was labeled at its 5’-end with Cy3. The
PCR amplified NPS-sequence was Ethanol/NHy-acetate
precipitated and dissolved in water. The DNA template
preparation for the nucleosome assembly of drosophila
HSP70 promotor and -190/+90 mouse rDNA promotor can
be found in [10]. The nucleosomes were generated by salt
gradient dialysis, using chicken histone octamer (for prepa-
ration see also [10]): DNA ratios, varying from 0.5 : 1 to
1 : 1 [10]. The mononucleosome concentration was deter-
mined by dividing the amount of DNA, used for the
assembly reaction, through the total reaction volume after
dialysis. Circular pT11 plasmid DNA was assembled with
human octamers (for preparation see also [10]) into circular
chromatin as described above.
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Electro mobility shift assay

For electro mobility shift assay (EMSA), we performed two
biological replicates for CHD3 and SNF2H. Cy3-labeled 0-
NPS-0 mononucleosomes (concentrations varied between
29.9-30.2 nMm) were incubated with raising chromatin remod-
eler amounts (always 1 : 2 dilutions with 9-15 dilution steps;
highest CHD3 concentrations: 620/798 nMm; highest SNF2H
concentrations: 2710/2810 nwm; see also Fig. 2C).

As a control, one sample only contained nucleosomes
without remodeler. The assays were performed for 20 min
at30°Cin 20 mm T

ris/HCl pH 7.6/ 120 mm KCl/ 1.5 mm MgCl,/0.5 mm
EGTA/200-300 ng/uL BSA (total reaction volume 10 pL).
The binding reactions were subsequently supplemented with
1-2 pL 50% glycerol and loaded on 6% PAA gels, which
were scanned on a Fluorescence Image Reader

FLA-3000 (Fujifilm Holdings Corporation, Tokyo, Japan).
The intensity decrease of the initial nucleosome band with
increasing remodeler concentrations was quantified via
ImageJ and plotted over the remodeling enzyme concentra-
tion in SigmaPlot13.0.

These data were subsequently fitted to the Hill equation.

Nucleosome remodeling reaction

Nucleosome remodeling assays were performed in 20 mm
Tris/HCl pH 7.6/80-150 mm KCl/1.5 mm MgCl,/0.5 mm
EGTA/10% Glycerol/1 um—1 mm ATP in the presence or
absence of ADP, various nucleotide analogues, 1P and IPg
precursors (concentrations and molecule names are given in
the respective assays) at 30 °C for 60 min (in some assays
the total incubation time was 2 h, which is indicated in the
respective figure) in ~ 10-11 pL reaction volume (for
remodeling assays with inositol phosphates MgCl, was
adjusted to 2.5 mm). Each reaction contained mononucleo-
somes in concentrations of 80 or 120-135 nm (77-NPS-77
or 0-NPS-77) or 37-44 ng/uL (drosophila HSP70 promotor
and —190/+90 mouse rDNA promotor). The final concen-
tration of recombinant nucleosome remodeling enzymes
varied from 25 to 500 nM. The enzymatic reactions were
stopped by adding 300-1000 ng competitor (plasmid) DNA
for 5 min at 30 °C. The nucleosome movements were visu-
alized, by supplementing the reactions with glycerol (4-5%)
and loading them on 5% or 6% native 0.4x TBE PAA gels,
which were subsequently stained with ethidium bromide.

ATP filter binding assay

To assay ATP binding 200 nm of CHD3, SNF2H or their
respective mutants were mixed with 0,375 pCi (13.88 kBq)
[y->*P]-ATP (corresponding to 82—165 nm) in 20 mm HEPES
pH 7.6/2.8 mm MgCl,/120 mm KC1/0.4 mm EDTA/10%
Glycerol. Nonradioactive ATP, ADP, GTP and IPg were
added as need in a range from 1 pum to 1 mMm. The volume was
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adjusted to 15 pL and the reactions incubated for 30 min at
30 °C. A 45-mm-diameter piece of 0.45-um nitrocellulose
membrane was installed in a vacuum filtration system and
washed with 20 mL buffer A (20 mm HEPES pH 7.6/100 mm
KCl1/0.4 mm EDTA/10% Glycerol). In total, 16 times 5 pL of
the binding reactions was spotted on the nitrocellulose mem-
brane under vacuum and the membrane was washed with
150 mL of buffer A. The membrane was dried at 65 °C imme-
diately afterward and placed on a phosphoimager screen.
After exposure, overnight screens were read out on a Typhoon
FLA 9500 imager. Bound [y-**P]-ATP was quantified in Fuji-
Film Multi Gauge 3.0. Averages and standard deviations were
calculated in Microsoft Excel.

Radioactive ATPase-assay

Recombinantly purified CHD3, SNF2H, and their respec-
tive mutants (40-250 nm) were incubated with 130 nm 77-
NPS-77 mononucleosomes in 20 mm Tris/HCl pH 7.6/
120 mm KCI/1.5 mm MgCl,/0.5 mm EGTA/10% glycerol
in the presence of 8-600 um ATP and 0.1 uCi [y-**P]-ATP
for 40 min at 30 °C. Released *?P; was separated from non-
hydrolyzed [y-**P]-ATP by TLC on PEI-Cellulose F plates
(Merck) [mobile phase: 50% acetic acid, 0.5 mm LiCI]. **P;
to [y->*P]-ATP ratios were calculated after phosphoimaging
(Typhoon FLA 9500), using Fuji Multi Gauge Software
and Excel. Concentration of hydrolyzed ATP was calcu-
lated from these ratios and the (total) initial ATP concen-
tration in the assay. K, values for CHD3 and SNF2H with
and without ADP (10 and 20 pm) were obtained from
ATPase assays done with varying concentrations of nonra-
dioactive ATP (8-600 um) and a constant 0.1 pCi of
[y-*P]-ATP. ATPase rates were fitted to the Michaelis-
Menten equation using SigmaPlot version 13.0. Inhibition
of remodeling enzymes was tested by using the assay
described above with a fixed concentration of 125 um non-
radioactive ATP and 0.1 pCi [y-*P]-ATP, supplemented
with varying concentrations of inhibitor (2-1000 um). Aver-
ages and standard deviations for the ATPase rates repre-
sent three experiments, done with two to three independent
protein preparations. To determine ICs, values, the ATPase
rate was plotted as a function of the inhibitor concentra-
tion and fitted to the Hill Equation in Sigma Plot 13.0.
This fit yields also the Hill coefficient, in addition to the
I1Cso-value. ATPase assays to test for mutant ATPase activ-
ity were done with the conditions described above at
0.5 mm ATP and with the remodeler concentrations indi-
cated at the individual experiments.

Hydrogen/deuterium exchange mass
spectrometry

Hydrogen/deuterium  exchange  mass  spectrometry
(HDXMS) was performed using a Waters Synapt G2Si
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equipped with nanoACQUITY UPLC system with H/DX
technology and a LEAP autosampler. The final concentra-
tion of protein in each sample was 5 um in the absence or
presence of 1 mm ADP, ATP, or IP4. For each deuteration
time, 4 pL. complex was mixed with 56 uL. D,O buffer
25 mMm Tris pH 7.5, 150 mm NaCl, 1 mm DTT, 0.5 mm
EDTA, £1 mm ADP, ATP, or IP¢ in D,O) for 0, 0.5, 1, 2,
or 5 min at 25 °C. The exchange was quenched with an
equal volume of quench solution (3 M guanidine, 0.1% for-
mic acid, pH 2.66). The quenched sample (50 pL) was
injected into the sample loop, followed by digestion on an
in-line pepsin column (immobilized pepsin, Pierce, Inc.,
Thermo Scientific Pierce, Rockford, 1L, USA) at 15 °C.
The resulting peptides were captured on a BEH CI8 Van-
guard precolumn, separated by analytical chromatography
(Acquity UPLC BEH C18, 1.7 um, 1.0 X 50 mm, Waters
Corporation, Milford, MA, USA) using a 7-85% acetoni-
trile in 0.1% formic acid over 7.5 min, and electrosprayed
into the Waters SYNAPT G2Si quadrupole time-of-flight
mass spectrometer. The mass spectrometer was set to col-
lect data in the Mobility, ESI+ mode; mass acquisition
range of 200-2000 (m/z); scan time 0.4 s. Continuous lock
mass correction was accomplished with infusion of leu-
enkephalin (m/z = 556.277) every 30 s (mass accuracy of 1
ppm for calibration standard). For peptide identification,
the mass spectrometer was set to collect data in MSE,
Mobility-ESI+ mode instead and twice as much protein
was injected. The peptides were identified from triplicate
MSE analyses, and data were analyzed using PLGS 2.5
(Waters Corporation). Peptide masses were identified using
a minimum number of 250 ion counts for low energy pep-
tides and 50 ion counts for their fragment ions. The pep-
tides identified in PLGS were then analyzed in DynamX
3.0 (Waters Corporation). Because the protein was so large
(2000 amino acids), the ion mobility times provided critical
information along with retention time and parent ion mass
for resolving overlaps to confidently identify the peptides in
the DynamX 3.0 software. The relative deuterium uptake
for each peptide was calculated by comparing the centroids
of the mass envelopes of the deuterated samples vs. the
undeuterated controls following previously published meth-
ods [80] and corrected for back-exchange as previously
described [45]. The experiments were performed in tripli-
cate, and independent replicates of the triplicate experiment
were performed to verify the results.

Generation of multiple sequence alignments and
differential logos

For the two remodelers CHD3 (UniProt-ID Q12873) and
SNF2H (UniProt-ID 060264), the UniRef 90% identity
sequence sets were deduced from the UniProt database (re-
lease 2017_09) and aligned. These two remodeler-specific
multiple sequence alignments (MSAs) were manually
curated by means of Jalview [81] to eliminate outliers

Regulation of CHD3 and SNF2H remodelers by ligands

like strikingly short sequences. These datasets contained
275 and 196 sequences, respectively. For the identification
of indels, sequences were merged and realigned by means
of MAFFT [82] as implemented in JalView. This final
MSA is given in Fig. S2; it was used to create a differential
sequence logo by means of cSEqLogo (https://www.b
ioinf.ur.de/). This is an in-house program using the
WebLogo 3 library [83] to create a two-sample sequence
logo highlighting the similarities and differences of both
sequence sets.
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