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ABSTRACT

The use of synthetic chemicals to selectively inter-
fere with chromatin and the chromatin-bound pro-
teome represents a great opportunity for pharma-
cological intervention. Recently, synthetic foldamers
that mimic the charge surface of double-stranded
DNA have been shown to interfere with selected
protein—DNA interactions. However, to better under-
stand their pharmacological potential and to improve
their specificity and selectivity, the effect of these
molecules on complex chromatin needs to be inves-
tigated. We therefore systematically studied the influ-
ence of the DNA mimic foldamers on the chromatin-
bound proteome using an in vitro chromatin assem-
bly extract. Our studies show that the foldamer effi-
ciently interferes with the chromatin-association of
the origin recognition complex in vitro and in vivo,
which leads to a disturbance of cell cycle in cells
treated with foldamers. This effect is mediated by a
strong direct interaction between the foldamers and
the origin recognition complex and results in a failure
of the complex to organise chromatin around replica-
tion origins. Foldamers that mimic double-stranded
nucleic acids thus emerge as a powerful tool with
designable features to alter chromatin assembly and
selectively interfere with biological mechanisms.
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INTRODUCTION

In the eukaryotic nucleus, DNA is associated with many
proteins to form a highly dynamic chromatin structure that
modulates gene expression, allows the cell to ensure the ef-
ficient repair of damaged DNA, and guarantees a faith-
ful replication of DNA during cell division (1-3). Over the
last years, several general approaches have been pursued to
characterize the chromatin-bound proteome in higher eu-
karyotes (4-7). These studies underscored the enormous
complexity of chromatin, which goes way beyond the mere
assembly of histones and DNA. Moreover, chromatin cap-
ture technologies revealed a highly dynamic network of in-
teractions in the nucleus mediated by the chromatin-bound
proteome (4,8-11). The molecular principles and interac-
tions that drive these structures are still not fully under-
stood and range from strong and specific protein—-DNA or
protein—protein interactions (1) to weak and more generic
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interactions involving the overall shape of B-DNA rather
than defined sequences (12,13). During every cell division,
DNA is duplicated, and novel chromatin is assembled in a
very complex and highly coordinated process that ensures
the stable maintenance of its structure (14). A similar reli-
able chromatin re-assembly also operates during DNA re-
pair (10,15,16). Thanks to this complex system involving
multiple players, the chromatin structure is faithfully copied
during replication and upon the resolution of DNA dam-
age. These reliable assemblies of specific chromatin struc-
tures occur in the presence of multiple proteins that have
various affinities to chromatin and engage in protein-nucleic
acid interactions as well as protein—protein interactions.
The selective interference with only certain types of interac-
tions could help decipher individual roles within the com-
plex and dynamic network of interactions at play. However,
tools able of such selective interference have been lacking.
Here, we present the investigation of an in vitro chromatin
assembly system from Drosophila embryos in presence of a
synthetic foldamer mimicking the overall shape and nega-
tive charge distribution of double-stranded DNA.

We have previously reported the design and structure
elucidation of oligoamides in which monomers ™QP"® and
QPho alternate (Figure 1A structure 1) adopting a B-DNA
like shape and charge distribution (17,18). Because of these
properties, the DNA mimic foldamers have been proposed
as candidates to bind to and interfere with the functions
of non-sequence selective DNA-binding proteins. In the
past we have shown that the foldamers interfere with the
DNA binding of purified Topl and HIV-IN, resulting in a
strong inhibition of these proteins in vitro (17,18). In their
mode of action, the DNA mimic foldamers are reminis-
cent of DNA mimic proteins (19,20), naturally occurring
proteins that also mimic the shape and charge distribution
of nucleic acids and highjack DNA-binding proteins. Their
oligoamide nature and their ability to compete with DNA-
protein interactions make them conceptually (though not
structurally) related to other oligoamides (21-23) that do
not mimic DNA but instead bind to DNA and may be used
as specific tools to modulate gene expression in vivo (24-26).
Neither class of compounds has been exploited in a system-
atic approach to study chromatin binding in a complex mix-
ture or in cells.

Our study shows that the DNA mimic foldamers inter-
fere with several known chromatin factors with variable ef-
ficiency. One of the most striking effects was the binding to,
and competition for the interaction with DNA by the ori-
gin recognition complex (ORC). In higher eukaryotes, the
hexameric ORC complex marks the origin of replication
throughout the cell cycle and mediates the loading of the
DNA helicase complex MCM 1-7 upon activation in the G1
phase. Besides this major role in DNA replication, the ORC
complex has also been shown to play a role in RNA export
(27) and in setting up a defined chromatin structure around
the replication origins (28). While ORC binds to a defined
DNA sequence in yeast, replication origins in higher eu-
karyotes do not have a well-defined DNA sequence to which
ORC binds. Nevertheless, replication originates at specific
sites, which have been suggested to be defined by a com-
bination of factors including DNA topology, local chro-
matin structure, and local histone modifications (29-32).

The ability to interfere with the chromatin binding of ORC
or similar factors by using synthetic molecules, therefore,
provides novel ways to better understand the principles of
their interactions with chromatin and to interfere with their
function.

MATERIALS AND METHODS
Reagents and analytical methods for foldamer synthesis

Chemical reagents were purchased from commercial sup-
pliers (Abcr, Fisher Scientific, Merck, Sigma-Aldrich, TCI,
or VWR) and used without further purification. Low load-
ing (LL) Wang resin (100-200 mesh, 1% DVB, manufac-
turer’s loading: 0.41 mmol g~!) was purchased from Nov-
abiochem. Peptide grade N,N-dimethylformamide (DMF)
was purchased from Carlo Erba. Anhydrous chloroform
and trimethylamine (TEA) were obtained via distillation
over CaH, prior to use. Anhydrous tetrahydrofuran (THF)
was obtained via an MBRAUN SPS800 solvent purifica-
tion system. Ultrapure water was obtained via a Sartorius
arium@®) pro VF ultrapure water system and used with RP-
HPLC quality acetonitrile for RP-HPLC analyses and pu-
rifications. Analytical and semi-preparative RP-HPLC were
performed on a Thermo Fisher Scientific Ultimate 3000
HPLC System using Macherey-Nagel Nucleodur C18 HTec
columns (4 x 100 mm, 5 pm and 10 x 250 mm, 5 wm) and
Macherey-Nagel Nucleodur C8 Gravity columns (4 x 50
mm, 5 pm and 10 x 100 mm, 5 pm) at | ml/min (4 mm
columns) or 5 ml/min (10 mm columns). UV absorbance
was monitored at 300 nm. For the protected precursor of
foldamer 1, prior to the semi-preparative RP-HPLC, an
additional purification step was performed using a Wa-
ters LC Prep 150 System equipped with a quaternary gra-
dient module at 25 ml/min. The mobile phase was com-
posed of 12.5 mM triethylammonium acetate (TEAA) in
water pH 8.5 (solvent A) and 12.5 mM TEAA in water:
acetonitrile 1:2 vol/vol pH 8.5 (solvent B) for foldamers 1
and 2. For the protected precursor of foldamer 1, it was
composed of water +0.1% TFA (solvent A) and acetoni-
trile + 0.1% TFA (solvent B). Nuclear magnetic resonance
(NMR) spectra were recorded on an Avance 111 HD 500
MHz Bruker BioSpin spectrometer equipped with broad-
band observe 5-mm BB-H&FD CryProbeTM Prodigy.
Measurements were performed at 25°C. Water suppression
was performed with excitation sculpting. Processing was
done with MestReNova (v.12.0.0-20080) NMR processing
software from Mestrelab Research. Chemical shifts are re-
ported in ppm. High-resolution liquid chromatography—
mass spectrometry (HR LC-MS) analyses were recorded
on a Bruker microTOF II (in either positive or negative
ionization mode) equipped with a Thermo Fisher Scien-
tific Ultimate 3000 HPLC System using a Macherey-Nagel
Nucleodur C18 Gravity column (2 x 50 mm, 1.8 pm) at
0.3 ml/min. The instrument was calibrated in positive and
negative mode by direct infusion of a calibration solution
(Agilent Technologies ESI-L Low Concentration Tuning
Mix). Automated solid phase foldamer synthesis (SPFS)
was done via a PurePep Chorus peptide synthesizer from
Gyros-Protein Technology with induction heating (see sup-
porting information Scheme S1).
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Solid phase synthesis procedures

The protected precursor of oligomer 1 (bearing diethyl
phosphonate side chains) was synthesized on Wang resin
(0.41 mmol g~!, 30 wmol scale) according to previously
reported SPFS protocols (33,34) that were adapted to the
PurePep Chorus peptide synthesizer to automatize the
foldamer synthesis (35). Monomers with a free carboxylic
acid, an Fmoc protected amine, and a protected diethyl
phosphonate ester side chain were used and activated as
acid chlorides. A typical loading of the first monomer was
0.33 mmol g~! (80%). After purification by preparative and
semi-preparative HPLC (C8, 30-70% B, 50°C; A: water +
0.1% TFA, B: acetonitrile + 0.1% TFA), the protected pre-
cursor of foldamer 1 was obtained as a light yellow solid (32
mg, 10% yield; HPLC purity: 99%, see Figure S1). HRMS
(ESI+) m/z caled. for C496H579N640161P322 11004.5348 (M
+ H)"; found: 2751.6536 (M + 4H)*", 2201.7392 (M +
SH)>*, 1834.9627 (M + 6H)®*.

Deprotection of ethyl phosphonate oligomer 1

Removal of the diethyl ester protection of the phosphonate
side chains (24 mg of protected precursor of foldamer 1,
2.2 pmol) was carried out following previously described
procedures (Scheme S2) (17). After purification by semi-
preparative HPLC (C18, 0-100% B, 25°C; A: 12.5 mM
TEAA in water pH 8.5, B: 12.5 mM TEAA in water:
acetonitrile 1:2 vol/vol pH 8.5) foldamer 1 was obtained
as a yellow solid with the side chains as water-soluble
triethylammonium phosphonate salts (16 mg, 1.6 pmol,
77%; HPLC purity: 99%, Figure S2). HRMS (ESI™) m/z
calcd. for C368H321N640161P322 9207.0639 (M-H)_; found:
2300.9965 (M-4H)*~, 1840.7901 (M-5H)°~. On oligomer
1 (11 mg) the exchange of tricthylammonium to ammo-
nium cations was performed using Dowex 50W X4 (200-
400 Mesh) resin to deliver foldamer 1 with the side chains as
water-soluble ammonium phosphonate salts (10 mg). The
'H NMR spectrum of 1 (Figure S3) matched with that re-
ported previously (17).

Synthesis of biotin-foldamer conjugate 2

N-terminal functionalization of foldamer 1 (5.5 mg, 0.6
pmol) with commercially available biotin-PEG12-OSu
reagent was performed following previously reported pro-
tocols (Scheme S3) (17). After purification by semi-
preparative HPLC (C18, 0-100% B, 25°C; A: 12.5 mM
TEAA in water pH 8.5, B: 12.5 mM TEAA in water:
acetonitrile 1:2 vol/vol pH 8.5) and the exchange of tri-
ethylammonium to ammonium cations, the biotin-foldamer
conjugate 2 was obtained as a yellow solid (4.5 mg, 0.45
pmol, 75%; HPLC purity: 98%, Figure S2). HRMS (ESI™)
m/z caled. for C405H383N670176P3zsi 10033.0729 (M—H)_;
found: 2005.5595 (M—5H)°~, 1671.1162 (M-6H)*~. For
oligomer 2, oxidation of the biotin leading to the for-
mation of biotin sulfoxide was observed and character-
ized by LC-MS spectrometry. HRMS (ESI™) m/z calcd.
for C495H338Ng70177P32S: 10049.0719 (M—H)_; found:
2008.7654 (M-5H)’~, 1673.8154 (M-6H)%~. 'H NMR (500
MHz, H,O/D,0 [9:1 vol/vol], 50 mM NH4HCOj3;, water
suppression applied at 4.79 ppm which may cause errors
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in the observed peak intensities in the vicinity of the sup-
pressed peak): 8 11.65 (s), 11.17 (s), 10.47 (s), 10.06 (s), 9.87
(s), 9.82 (s), 9.78 (s), 9.70-9.64 (m), 9.01 (s), 8.83 (s), 8.77
(s), 8.71-8.52 (m), 8.44 (d), 8.32 (d), 8.25 (d), 8.20 (d), 8.14—
7.88 (m), 7.77-7.59 (m), 7-56—7.27 (m), 7.18-5.84 (m), 3.79—
2.69 (m), 2.16 (t), 1.82-1.71 (m), 1.59-1.5 (m), 1.45-1.35
(m). We have already observed that DNA mimic foldamers
and other water-soluble oligoamides mediate biotin oxida-
tion in a length-dependent manner (the longer the foldamer,
the faster the oxidation). This is in agreement with literature
data (36). The oxidized form of biotin-foldamer conjugate 2
(Figure 1A) could also be used for pull-down experiments.
Affinity for streptavidin-functionalized resin beads was suf-
ficient for that purpose. In principle, the oxidation process
can be minimized by degassing the solvents before freeze-
drying and avoiding exposure of the compound to light.

Preparation of drosophila embryonic extract [DREX]

Drosophila Chromatin Assembly Extract (DREX) was pre-
pared as previously described (6), with minor adjustments.
Drosophila melanogaster embryos were collected 0-90 min
after egg laying and subsequently dechorionated using 3%
hypochlorite. The dechorionated embryos were washed in
0.7% NacCl, resuspended in extract buffer (10 mM HEPES
[pH 7.6], 10 mM KCl, 1.5 mM MgCl,, 0.5 mM EGTA,
10% glycerol, 10 mM 3-glycero-phosphate; 1 mM dithio-
threitol [DTT], and 0.2 mM phenylmethylsulfonyl fluoride
[PMSF], added freshly) at 4°C and homogenized using a
tight pestle connected to a drill press. The homogenate was
supplemented with MgCl, to a final MgCl, concentration
of 5 mM and centrifuged for 10 min at 10 000 rpm in a
SS34 rotor (Sorvall, Thermo-Fisher Scientific, Waltham,
USA). The supernatant was centrifuged again for 2 h at
45 000 rpm at 4°C in a SW 56 rotor (Beckman-Coulter,
Germany). The clear extract was isolated with a syringe,
avoiding the top layer of lipids. Extract aliquots were frozen
in liquid nitrogen. Protein concentration was determined
by Spectrophotometer (Ds-11, DeNovix, Wilmington,
USA) measurement and titration with chromatin assembly
experiments.

Plasmids, DNA and primers

PAI61 plasmid (6,10) containing oligomers of sea urchin
5S rDNA nucleosome positioning sequence in pBluescript
SK (—) plasmid basic backbone vector. 16 bp control
DNA in the interference experiment was obtained by
fusing FW: 5-ATCTAGATCGAGCTACA-3" and RV: 5'-
TGAGCTCGATCTAGAT-3' primers. The origin plasmid
library (28) for nucleosome positioning assays was gener-
ated using the S. cerevisiae genomic library (pGP546) from
Open Biosystems and expanded as previously described
(28,37).

Protein purification

The embryonic Drosophila melanogaster histone octamers,
INO80 and ORC were expressed and purified as previously
described (28,38-42).
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SGD chromatin assembly, in vitro remodelling assay and
MNase—seq

The salt-gradient dialysis (SGD) chromatin and the in vitro
remodelling assays were performed as described previously
(28). Each biological replicate corresponds to a different
SGD chromatin preparation and 30 nM ORC and 20 nM
INOSO purified from yeast nuclear extracts were used in 100
wl remodelling reactions. The foldamer was titrated against
a constant DNA concentration of the SGD chromatin (0.8
ng/100 pl assuming a full assembly) and the following
amounts were used: 0.8 pg (1:1), 1.6 ng (1:2), 3.2 pg (1:4)
and 6.4 pg (1:8). The sequencing libraries were prepared as
before (28) using 10-30 ng mononucleosomal DNA. The
samples were diluted to 10 nM, pooled according to the se-
quencing reads (~5 million reads per sample), and quanti-
fied using the 4150 TapeStation System (Agilent). The pool
was sequenced on an Illumina NextSeq1000 in 60 bp paired-
end mode (Laboratory for Functional Genome Analysis,
Ludwig-Maximilians-Universitdt Munich). The data pro-
cessing of the MNase-seq data was done as previously de-
scribed (28,43,44).

Biotinylation of DNA

Biotinylation of DNA was performed as previously de-
scribed (6). In short, 500 pg of the pAI61 plasmid was lin-
earized by Sacl and Xbal digestion. Subsequently, one end
of the DNA was biotinylated by incubation of the linearized
DNA with 80 mM dCTP and dGTP, 3 mM biotinylated
dUTP and dATP as well as the Klenow Polymerase. The
biotinylated DNA was then purified using G50 Sepharose
columns (Roche) according to the manufacturer’s proto-
col. Finally, DNA concentration was determined by Spec-
trophotometer (Ds-11, DeNovix, Wilmington, USA) and
adjusted to 200 ng/p.l.

Chromatin assembly on immobilized DNA in DREX

2 g DNA was immobilized on 60 wl M280 paramagnetic
streptavidin beads (Invitrogen) in Dynawash buffer (10 mM
Tris—HCI [pH 8], 1 M NaCl, | mM EDTA) for 1 h. Beads
were blocked with BSA (1.75 g/1) for 30 min in EX100,
then washed in EX-NP40 (10 mM HEPES pH 7.6, 1.5 mM
MgCly, 0.5 mM EGTA, 10% (v/v) glycerol, 0.05% NP-40).
Subsequently, beads were resuspended in a total volume
of 240 pl containing 80-160 wl DREX, EX100 buffer (10
mM HEPES [pH 7.6], 100 mM NaCl, 1.5 mM MgCl,, 0.5
mM EGTA, 10% [vol/vol] glycerol; 0.2 mM PMSEF, | mM
DTT, 0.7 pg/ml Pepstatin, 1 wg/ml Aprotinin, 1 pg/ml Le-
upeptin added fresh), an ATP regenerating system (3 mM
ATP, 30 mM creatine phosphate, 10 g creatine kinase/ml,
3 mM MgCl, and 1 mM DTT), and free foldamer or 16
bp DNA, depending on the experiment. The assembly re-
action was incubated at 26°C for 4 h. After two wash steps
with EX200 (10 mM HEPES [pH 7.6], 200 mM NacCl, 1.5
mM MgCl,, 0.5 mM EGTA, 10% [vol/vol] glycerol; 0.2 mM
PMSF, 1 mM DTT, 0.7 pg/ml Pepstatin, 1 pg/ml Apro-
tinin, 1 wg/ml Leupeptin added fresh), beads were prepared
for Proteomic Analysis or Micrococcal Nuclease Digestion.

Pulldown with biotinylated foldamer in DREX

1 wg foldamer was immobilized on 30 wl M280 paramag-
netic streptavidin beads (Invitrogen) in Dynawash buffer
(10 mM Tris—HCI [pH §], I M NaCl, | mM EDTA) for 1
h. Beads were blocked with BSA for 30 min (1.75 g/1) in
EX100, washed in EX-NP40 (10 mM Hepes pH 7.6, 1.5
mM MgCl,, 0.5 mM EGTA, 10% (v/v) glycerol, 0.05% NP-
40) and resuspended in a total volume of 120 .l containing
40-80 w1l DREX, EX100 buffer, and ATP regenerating sys-
tem (3 mM ATP, 30 mM creatine phosphate, 10 pg creatine
kinase/ml, 3 mM MgCl,, and 1 mM DTT). The reaction
was incubated at 26°C for 1 h, then the beads were prepared
for Proteomic Analysis.

Micrococcal nuclease digestion

Chromatin from 2 pg circular DNA assembled for 4 h was
resuspended in EX100 containing 5 mM CaCl, and 100
units/pl of MNase (Sigma). After incubation at room tem-
perature for 30, 60 and 120 s, respectively, a 110 wl fraction
of the digestion was stopped by adding 40 p.1 MNase stop
solution (100 mM EDTA [pH 8.0]). The DNA was precip-
itated and separated with a 1.5% agarose gel upon RNAse
A and proteinase K treatment. A Low Molecular weight
ladder (New England Biolabs, #N3233S) was used as a size
marker.

Sample preparation for proteomic analysis

For assembled chromatin and foldamer pulldowns, the
beads-bound fraction was separated by a magnet from the
supernatant and washed three times with EX100 and 4
times with fresh 50 mM NH4HCOj; to remove detergents
and unspecific binders. Tryptic digestion was performed
on beads by incubation with 100 wl of 10 ng/ul trypsin
(Promega) in 1 M urea 50 mM NH4HCOj; for 30 min at
25°C. Beads were separated by a magnet, the supernatant
was transferred into a fresh tube, beads were washed twice
with 50 mM NH4HCOj3, and supernatants pooled into the
same tube. Supernatant pool was adjusted to final concen-
tration of 1 mM DTT by addition of DTT and digestion
was completed overnight at 25°C. Next, the tryptic pep-
tide mixture sample was incubated for 30 min in the dark
at 25°C with iodoacetamide at a final concentration of 35
mM to carbamidomethylate sulfhydryl groups of free cys-
teine. Subsequently, DTT was added to a final concentra-
tion of 50 mM and sample was left to incubate for 10 min
at 25°C. Then, the sample was acidified using trifluoroacetic
acid (TFA), followed by desalting using SDB-RPS (Styrene-
divinylbenzene - Reversed Phase Sulfonate, 3M Empore)
before mass spectrometry analyses, and redissolved in 15 pl
MS loading buffer (Preomics) and stored at —20°C until
further processing.

For subcellular fractions were prepared for proteomic
analysis using improved sample technology (iST, Preomics)
with a SP3 add on (Preomics), following manufacturer’s in-
structions. Afterwards, samples were acidified using trifluo-
racetic acid (TFA) and underwent a final filtering step over
a C8 column, was redissolved in 15n] MS loading buffer
(Preomics) and stored at —20°C until further processing.
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Cell culture

Drosophila 1.2-4 cells (45) were grown in Schneider medium
supplemented with 10% fetal calf serum, penicillin, and
streptomycin at 26°C.

Flow cytometry analysis

Drosophila 1.2-4 cells were seeded at 1 mio cells/ml in 6-well
plates (Sarstedt, Ref: 83.3920), in medium (gibco, Schneider
Drosophila medium, Ref: 21720-024) with different con-
centrations of foldamer (0, 0.01, 0.1, 1, 10 wM) and har-
vested after 4, 24 or 48 h. Harvested cells were prepared by
spinning down of cells at 1000 x g, 4 min and dissolving
the pellet in 1 ml PBS. 2.7 ml ice-cold ethanol were added
to cell suspension while vortexing. Alcohol-fixed cells were
stored stably at 4°C for up to 1 week. On the day of mea-
surement, ethanol was removed by centrifuging cells at 1000
x g for 4 min at 4°C. The supernatant was removed, and
cells were resuspended in 1 ml PBS + 1% FBS. Then cells
were counted and 0.5 x 10° cells were taken up in 500 wl
FACS buffer (PBS + 1% FBS). Finally, 5 ul 100x RNAseA
solution in PBS were added to a final concentration of
20 wg/wl. The suspension was incubated 15 min at 37°C,
then 50 wl PI stain (10 mg/ml Sigma 1002755458) were
added and incubation of 30 min at RT was allowed before
measurement. Stained cells were measured using BD LSR-
Fortessa (equipped with 405488561633-nm lasers; BD Bio-
science), and FlowJo™ v10.8.1 software was used to analyze
data.

Subcellular fractionation

Drosophila 1.2-4 cells were seeded at 1 mio cells/ml in 6 well
plates (Sarstedt), in medium (Gibco, Schneider Drosophila
medium) with 10 pwM foldamer in medium or without
foldamer as control and harvested after 48 h. Harvested
cells were prepared by spinning down of cells at 1000 x g,
4 min and washing the pellet twice with 2 ml ice cold PBS
each. Then, the cells were fractionated using the Subcellular
Protein Fractionation Kit for Cultured Cells (Thermo) fol-
lowing the manufacturer’s instructions. Adjustments were
included for Drosophila cell size, treating the pellet of each
well of cells as 5 wl packed cell volume and adjusting buffer
volumes accordingly, while also doubling the amount of en-
zyme and tripling incubation time in MNase digest step. All
fractions were stored at —20°C until they were prepared for
proteomic analysis.

Proteomic analysis

For LC-MS purposes, desalted peptides were injected in
an Ultimate 3000 RSLCnano system (Thermo) and sepa-
rated in a 25 cm analytical column (75pm ID, 1.6 pwm C18,
TonOpticks) with a 50 min gradient from 2 to 37% acetoni-
trile in 0.1% formic acid. The effluent from the HPLC was
directly electrosprayed into a Qexactive HF (Thermo) or
an Orbitrap Exploris 480 (Thermo) both operated in data-
dependent mode to automatically switch between full scan
MS and MS/MS acquisition. For Qexactive HF measure-
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ments, survey full scan MS spectra (from m/z 375-1600)
were acquired with resolution R = 60 000 at m/z 400 (AGC
target of 3 x 10°). The 10 most intense peptide ions with
charge states between 2 and 5 were sequentially isolated
to a target value of 1 x 103, and fragmented at 27% nor-
malized collision energy. Typical mass spectrometric con-
ditions were: spray voltage, 1.5 kV; no sheath and auxil-
iary gas flow; heated capillary temperature, 250°C; ion se-
lection threshold, 33.000 counts. For Orbitrap Exploris 480
measurements, survey full scan MS spectra (from m/z 350
to 1200) were acquired with resolution R = 60 000 at m/z
400 (AGC target of 3 x 10°). The 20 most intense pep-
tide ions with charge states between 2 and 5 were sequen-
tially isolated to a target value of 1 x 10° and fragmented at
30% normalized collision energy. Typical mass spectromet-
ric conditions were as follows: spray voltage, 1.5 kV; heated
capillary temperature, 275°C; ion selection threshold,
33 000 counts.

Proteomic data analysis

MaxQuant 1.6.1.5.0 (for chromatin binders dataset) or
2.0.1.0 (for interference proteome dataset and foldamer pull-
down proteome dataset) (46) was used to identify proteins
and quantify by label free quantification (LFQ) with the fol-
lowing parameters: uniprot_UP000000803_Dmelanogaster
_canonical _isoforms_20200825.fasta (for chromatin binders
dataset), uniprot-proteome UP000000803_Dmelanogaster
20210818.fasta (for interference proteome dataset), Un
iprot_ AUP000000803_Dmelanosgaster_20211108.fasta (for
foldamer pulldown proteome); and Uniprot_UP000000803
_Drome_20220306.fasta (for subcellular fractionation pro-
teome). All datasets: MS tol, 10 ppm; MS/MS tol, 20 ppm
Da; Peptide FDR, 0.1; Protein FDR, 0.01 min; Peptide
Length, 7; Variable modifications, Oxidation (M), Acetyl
(Protein N-term); Fixed modifications, Carbamidomethyl
(C); Peptides for protein quantitation, razor and unique;
Min. peptides, 1; Min. ratio count, 2.

Statistical methods

Data were handled with Perseus software (version 1.6.7.0
and version 2.0.9.0) (47) and R Studio (version 4.0.3). For
analysis in Perseus, the output protein_groups.txt file from
MaxQuant processing was imported, then protein hits as-
sociated with the reversed database, only identified by site
and common contaminants were filtered out.

Chromatin binders - three biological replicates of chro-
matin assembly in DREX on DNA immobilized on beads
and beads only control each were acquired and analyzed.
All LFQ values were logy(x) transformed. Missing values
were replaced by random numbers from a standard de-
viation (width 0.3, downshift 1.8). The two groups (with
DNA and beads only) were compared by a two-tailed t-
test. Multiple testing correction was applied by using a
permutation-based false discovery rate (FDR) method in
Perseus. Proteins with an FDR > 0.05 were considered
chromatin binders (Figure 1C).

Interference proteome: Three biological replicates for
each of the 10 conditions were acquired; each condition
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a different concentration of free foldamer or free 16 bp
DNA control present during chromatin assembly on beads-
immobilized long DNA in DREX. All LFQ values were
logy(x) transformed. The dataset was filtered strictly so that
only proteins with one missing value out of three per con-
dition remained. Then missing values were replaced by ran-
dom numbers from a standard deviation (width 0.3, down-
shift 1.8). After, the dataset was matched with the previ-
ously mentioned chromatin binder dataset, only proteins
that were identified as chromatin binders in the previous
dataset remained. The mean of LFQ was determined for
each condition. Log,(LFQ) values of all proteins were nor-
malized to log,(LFQ) of the lowest concentration of free
foldamer/DNA correspondingly. Hierarchical clustering of
proteins (rows) based on the distance by Pearson correla-
tion (linkage: average, constraints: none, preprocessed with
k-means, number of clusters: 300, the maximal number of
iterations: 100, restarts: based on values for foldamer con-
ditions revealed two main clusters. Cluster 1 (regarded as
proteins that show no interference in binding to chromatin
in presence of foldamer) and Cluster 2 (regarded as pro-
teins that show interference in binding to chromatin in pres-
ence of foldamer). Sub-clustering of Cluster 2 based on Eu-
clidian distance (linkage: average, constraints: none, prepro-
cessed with k-means, number of clusters: 300, the maximal
number of iterations: 100, restarts: revealed sub-clusters 2a
(regarded as weak interference) and 2b (regarded as strong
interference).

Foldamer pulldown proteome: Three biological replicates,
each of biotinylated foldamer immobilized on streptavidin
beads, and beads only control, were acquired and analyzed.
All LFQ values were logy(x) transformed. The dataset was
filtered strictly so that only proteins with one missing value
out of three per condition remained. Then missing values
were replaced by random numbers from a standard devi-
ation (width 0.3, downshift 1.8). The two groups (biotiny-
lated foldamer on beads and beads only) were compared by
a two-tailed #-test. Multiple testing correction was applied
by using a permutation-based false discovery rate (FDR)
method in Perseus. Proteins with an FDR > 0.05 were con-
sidered foldamer binders (Figure 2B).

GO term analysis for foldamer binders was performed
with R Studio version 4.0.3 using the list of identified
binders by Perseus, library (org.Dm.eg.db), and Cluster
profiler. Enriched GOterms were corrected for semantic re-
dundancy using Cluster Profiler, cutoff 0.6. Only the top
eight GOterms were plotted with corresponding p-adjusted
values.

Subcellular  fractionation proteome: Three biological
replicates of 10 wM 48 h foldamer treated and untreated
cells were fractionated, acquired and analyzed. All LFQ
values were log,(x) transformed. The dataset was filtered so
that only proteins with at least 2/3 valid values in at least
one fraction across both conditions (treated and untreated)
remained. Then missing values were replaced by random
numbers from a standard deviation (width 0.3, downshift
1.8). For analysis of chromatin-bound fraction, proteins
were filtered so that only those with 2/3 valid values before
imputation in at least one condition in the chromatin bound
fraction (CBE) remained.

Clustering of proteins and visualization for proteomic
analysis

Protein Clustering was performed with Cytoscape (version
3.8.2) with string database (version 11.5) plug-in. All nodes
represent proteins with at least 1 interaction, only active in-
teraction sources: experimental links, highest confidence in-
teraction score: 0.9, edges based on evidence of interaction,
not confidence.

Experimental design and statistical rationale

All assembly experiments were performed in three biologi-
cal replicates with three independently collected DREX. As
negative controls, triplicates of beads only were used. Fig-
ure 1B shows an agarose gel as proof of concept. Cell based
were performed in 3 biological replicates. A pilot study in
our lab revealed that three biological replicates enable us to
deduce a precise and statistically valid conclusion between
chromatin assembly experiments and the composition of
proteins during different time points of assembly.

RESULTS AND DISCUSSION
Foldamer interferes with complex ir vitro chromatin binding

To investigate whether the foldamers would interfere with in
vitro chromatin assembly, we incubated linearized and im-
mobilized DNA with a chromatin assembly extract made
from early Drosophila embryos (6,48,49) (Figure 1A). The
addition of foldamer 1 to the assembly reaction did not in-
terfere with the generation of nucleosomal array ladders, in-
dicating that its presence does not impede general aspects of
chromatin assembly such as histone deposition and the for-
mation of regular nucleosomal arrays. A slight reduction in
the regularity of the nucleosomal ladder is visible for high
foldamer concentrations probably due to the change in pro-
tein composition on the fiber (Figure 1B). As the immo-
bilization of the assembled chromatin fiber allowed us to
quantify the proteins specifically bound to chromatin (Fig-
ure 1C), we could quantify its effect on chromatin compo-
sition by adding increasing amounts of foldamer 1 (Fig-
ure 1D). Protein intensities for all foldamer concentrations
were compared to 1:1 DNA: foldamer mass ratio to pre-
vent bias by DNA-independent effect such as charge den-
sity and local pH. The titration experiment revealed two
distinct groups or clusters of proteins with regards to their
sensitivity towards the foldamer. The first cluster contained
proteins that were not affected in their chromatin bind-
ing by the presence of the foldamer. This cluster 1 (CIl)
includes the core histones and the HMG-D protein, that
can substitute for the linker histone H1, which is absent
in preblastoderm embryos of Drosophila (50-52). In ad-
dition to the stably bound histones, the chromatin bind-
ing of the two large subunits of the histone chaperone Caf-
1, the three subunits of the rad50 DNA repair complex,
and the heterotrimeric RPA complex are not affected by
the presence of the foldamer (Table S1). Interestingly, we
also find the two major Drosophila topoisomerases (Top3«
and Top2) but not Topl, which is competitively inhibited
by the foldamer (17,18) in this cluster. The observation
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that the different topoisomerases have different sensitivities
towards the foldamer further supports previous findings of
some structural specificity of the foldamer. For proteins of
Cl1, the lack of effect of the foldamer may reflect inherently
stronger binding of these proteins to the long, immobilized
DNA than to the foldamer. Alternatively, binding of those
proteins to chromatin may at least be partially mediated
by foldamer-resistant protein—protein rather than protein—
DNA interactions.

The second cluster of 138 proteins, which could be further
subdivided into sub-clusters 2a and b, contained proteins
that were either mildly (Cl2a) or strongly (CI2b) affected by
increasing amounts of foldamer (Figure 1D, Table S1). The
115 proteins that were affected mildly by foldamer (Cl2a)
contained a lot of bona fide chromatin-associated factors
such as subunits of the condensin and cohesion complex,
several structural proteins, and multiple proteins involved
in various forms of DNA repair (52). This enrichment of
DNA repair factors on linearized chromatin has been re-
ported before (48). The interference experiment now enables
us to identify the factors that bind chromatin by recognising
structural features of double-stranded DNA. While inter-
ference with the proteins in cluster 2a was only mild, the 23
proteins in cluster 2b were affected much more by increasing
foldamer concentrations. This strong effect of the foldamer
suggests that the chromatin binding of these proteins is
largely mediated by their interaction with short stretches
of DNA in a non-sequence-specific manner. In fact, the ef-
fect of foldamer addition is much stronger than the one of
a DNA double helix of similar length (Figure 1E). Inter-
estingly, cluster 2b contains almost all subunits of the ori-
gin recognition complex (ORC) and several subunits of the
Sin3A transcriptional repressor complex. Our findings of
different sensitivities of chromatin interacting proteins to-
wards the presence of foldamer underscore the importance
of studying the effect of such foldamers in the context of
complex chromatin rather than on isolated proteins.

The foldamer interaction proteome

To identify the proteins and protein complexes that bind
directly to the foldamer, we analysed the foldamer-bound
proteome from the same Drosophila early embryonic ex-
tracts that we have used to assemble chromatin in vitro (Fig-
ure 2A). To do this, biotinylated foldamer 2 (Figure 2A)
was immobilized on magnetic beads and used as an affin-
ity reagent. LC-MS analysis of the specifically bound pro-
teins revealed 640 proteins as specific foldamer interactors
(Figure 2B, Table S2). The fact that we find more specific
foldamer binders than proteins bound to assembled chro-
matin, supports the hypothesis that the chromatin struc-
ture has evolved to limit the interactions between proteins
and the polyanionic DNA in eukaryotes (53). The foldamer-
bound proteome contains a large number of proteins an-
notated as binders of double-stranded nucleic acids, under-
scoring the successful design of the molecule as a DNA
mimic (Figure 2C and D). As a confirmation of earlier find-
ings, the previously characterized foldamer target protein
topisomerasel (Topl) appears as a specific binder (17,18).
However, we also find many other known DNA binders
such as the basal transcription machinery or sequence-
specific transcription factors containing Zn-finger domains

in the foldamer-bound proteome. The latter comes as a sur-
prise for the reasons mentioned in the introduction: the
foldamer lacks the sequence features that transcription fac-
tors normally recognize. This presumably reflects the fact
that sequence-selective DNA-binding proteins also have a
certain sequence independent affinity through interaction
with the B-form DNA. In addition, we also detect known
RNA-binding proteins in the foldamer pulldowns, although
the foldamer structure has not been designed to resemble
double stranded RNAs as found in stem loop structures.
A good example of this is the presence of several known
components of the splicecosome and many ribosomal fac-
tors in the foldamer pulldown in addition to other factors
that carry RNA binding domains (Figure 2C and D, Table
S2). We compared the foldamer interactome of the foldamer
1, corresponding to 16bp DNA and used throughout the
rest of this study, with the interactome of a foldamer of
halfits length (8bp) (Figure S4). The proteins detected show
similar degrees of enrichment over beads only control with
a slight bias for better binding to the longer foldamer. Al-
together, the results from pull-down experiments and inter-
ference with chromatin assembly show the differential im-
pact foldamer has on complex systems and provide a large
amount of information that can be used as starting points
for more advanced investigation.

ORC complex gets competed off fibre by binding directly to
foldamers

Studying the effect of foldamers on chromatin assembly or
their ability to pull down proteins from complex embryo ex-
tracts is more physiological than investigating their effect on
isolated proteins. However, due to its limitations in abso-
lute quantification neither the competition experiment nor
the binding study alone allowed us to immediately derive a
hypothesis about the potential effect of foldamers on living
cells. The observed inhibition of protein binding to chro-
matin by the foldamer might as well be an indirect and po-
tentially artificial effect. In other words, the interaction of a
given protein with the foldamer may not necessarily result
in an interference with its function in vivo. To identify pro-
teins where the interference with chromatin binding is me-
diated by an interaction with the foldamer, we compared
the results of both experiments. This led to the identifica-
tion of 15 proteins that fulfilled these criteria in our subset
(Figure 2E). These 15 proteins were predominantly involved
in DNA replication and DNA damage control. Most strik-
ingly, the set contained the ORC core complex known to
bind replication origins. The canonical function of ORC is
to bind to replication origins to recruit and load, in coop-
eration with Cdc6, the replication helicase (Cdt]1-MCM) in
the G1-phase of cell division (54). The pull-down of ORC
hints at a direct binding to the foldamer and thus suggests
that such binding is what caused the premature dissociation
of ORC from chromatin fibres when they assemble in pres-
ence of the foldamer.

The addition of foldamer interferes with ORC’s dependant
generation of nucleosomal arrays at origins

To investigate the functional impact of the foldamer
through interference with ORC binding, we tested the
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ability of ORC to induce the formation of regular
nucleosomal arrays around yeast origins in the presence
of foldamer (Figure 3A). A functional ORC and remod-
elling complex INOSO is essential to orchestrate remodel-
ers to form flanking nucleosomal arrays around replica-
tion origins (28). Purified yeast ORC and INO80 proteins
were incubated with chromatin assembled by salt gradient
dialysis on a library containing around 300 yeast origins
as previously described (28) and with increasing amounts
of foldamer. The formation of regular nucleosomal arrays
around these origins was then analysed by MNase-seq. In
presence of foldamer, nucleosomal arrays were not gener-
ated, showing that, independently of the species used, the
foldamer interferes with the organization around chromatin
around replication origins (Figure 3B).

Foldamer treatment also disturbs the chromatin-bound pro-
teome in S2 drosophila tissue culture cells

To confirm the effect of the foldamer on the chromatin-
bound proteome in vivo, we treated S2 Drosophila cells
with 10 pM foldamer for 48h. In earlier studies, it was
shown that the foldamers may not readily enter cells be-
cause of their polyanionic nature and that some carrier
would be needed for in-cell delivery (17). However, we have
observed that Drosophila S2 cells easily absorb foldamer
even without the addition of a carrier, which had also
been shown before for other large polyanions (55). Sub-
sequent subcellular fractionation and proteomic analysis
allowed us to follow protein distribution upon foldamer
treatment (Figure 4A). Consistent with its DNA mimick-
ing properties, we found that overall protein intensity in the
chromatin-bound fraction decreased after foldamer treat-
ment (Figure 4B). Analysis of the intensities of proteins
found on chromatin during in vitro assembly (Figure 1C)
showed a similar behavior towards foldamer treatment (Fig-

ure 4C). In cluster 1, chromatin binding is maintained upon
foldamer treatment, whereas we see a mild downshift trend
for Cluster 2a and a significantly stronger downshift in pro-
tein intensity for Cluster2b. The histone proteins for exam-
ple remain bound to chromatin upon foldamer treatment
whereas the chromatin binding of the detected ORC pro-
teins is substantially reduced (Figure 4D). Overall, this ex-
periment not only validates the clustering of proteins based
on their response to the presence of the foldamer in vitro,
but it also shows that the proteins are affected similarly
in cells.

Foldamer treatment interferes with cell cycle progression

We report a significant impact on chromatin binding of
ORC in vitro and in vivo and show a loss of its function at
replication origins in vitro. We, therefore, wondered whether
the addition of the foldamer would also interfere with cell
cycle progression in vivo. Hence, we exposed Drosophila S2
cells to a medium containing different concentrations of
foldamer 1 (0, 0.01, 0.1, 1, 10 pM) for 4, 24 or 48 h (Fig-
ure 5A). Flow cytometry after propidium iodide staining
revealed a time and concentration-dependent effect of the
foldamer on the cell cycle stages of the treated cells (Figure
5B and C, Figure S5 and Table S3). The ratio of cells in S-
Phase increased for 10 wM foldamer concentration to 15%
(versus 10% in untreated control) after 24 h and even signif-
icantly high to 33% (versus 11% in untreated control) after
48 h (Figure 5C, Table S3). A similar, yet weaker, trend can
be seen for a concentration of 1 wM foldamer in medium.
S-Phase arrest has been observed before when Orc function
of setting up chromatin structure is impaired (28). Our find-
ings show that foldamers disturbs the cell cycle, putatively
through direct interactions with the ORC complex resulting
in an interference with its chromatin binding thereby block-
ing cell cycle progression.

€202 1940}00 9| UO JaSN USYOUSN| ¥U10I|GIGSIoBNISISAIUN AQ 6889GZ./6296/8 L/ G/AI0IE/IEU/WO0d"dNO"OIWSPED.//:Sd))Y WO PaPEOjuMOd



CE
Cytoplamic
extract

ME
Membrane-
bound extract

SNE
soluable
nuclear
extract

LC-MS proteome

Trypsin digest + desalting

CBE
Chromatin
bound
extract

CytoS
Cytosceletal
extract

Final pellet/
unsoluable

protein

n =] [32) =]

log2(LFQ(protein)) - log2(meanLFQ(all proteins in condition))

=)

Nucleic Acids Research, 2023, Vol. 51, No. 18 9639

fraction
CE
ME
SNE
CBE
CytoS
, FP

_—————

log2(meanLFQ(protein))-log2(meanLFQ(all proteins in fraction))

Histone 4

Histone2A.v

Histone 2B

Histone 3

=)

2}

=)

control

foldamer

Amean =

Amean n.s. 1

i Amean =*

control foldamer

:l . ORC2 ]
:l . ORC4 :|
0 50 100
& percent
:I condition
:| S bl

paroent

condition
control
foldamer

control foldamer control foldamer

Figure 4. Subcellular fractionation of Drosophila cells confirms in vitro data on effect of foldamer on chromatin-bound proteins. (A) Schematic diagram
of experimental flow of subcellular fractionation experiment. (B) Violin plot of mean protein intensities in the subcellular fractions in control and upon
treatment with 10nM foldamer 1. Cross marks mean value in fraction, Number of proteins = 3765. N = 3. (C) Violin plot of means of protein intensities in
CBE (chromatin-bound) fraction of the proteins appearing in clusters 1, 2a and 2b as defined by their sensitivity to foldamer in vitro. Cross marks indicate
mean value. Statistics describe comparison of the mean differences of all proteins in each group with N = 3 replicates *P < 0.05, one-way ANOVA +
Tukey’s test. (D) Bar graph of foldamer effect on protein intensity of selected proteins in chromatin-bound fraction (CBE). N = 3 replicates **P < 0.01,

*kP < 0.001, t-test.

£20Z 1940J00 9}, UO Jasn Usyousn Joujoliqigsioeysioniun Aq 688952./6296/8 1/1G/aI0IE/IEU/WOD dNO-0lWapESE//:SARY WOl PAPEOjUMOQ



9640 Nucleic Acids Research, 2023, Vol. 51, No. 18

A S2 Drosophila cells
+ medium

+ foldamer (0, 0.01 pM, 0.1 uM, 1 M, 10 pM)

B
50K 100K 150K 200K 250K Bt
REAZRL PE-A: Pl
C
30
B
g
T
COZO
=
o
T
2 N I
10 I [ L[] b
A

X ah/24h / 48h

4h 24h 48h

Cell Cycle Ana-iysis
by Flow Cytometry

50K 00K 150K 200K 380K egative Control

PE-A:: Pl

foldamer
concentration

control
0.01pM
0.1uM
TuM
10pM

Figure 5. Foldamer leads to accumulation of cells in S-Phase in vivo. (A) Schematic diagram of experimental flow of cell cycle analysis experiment. (B)
Representative cell cycle profiles after 4, 24 and 48 h of treatment with different concentrations of foldamer 1 in serum, determined by flow cytometry with
PI stain. (C) Bar graph representing percentage of cells in S-Phase after foldamer treatment with indicated concentration after the indicated time. Error
bars represent standard deviation, N = 3 replicates ***P < 0.001 against all other values in the group, one-way ANOVA + Tukey’s test.

CONCLUSION

The chromatin-bound proteome plays an important role in
the interpretation of genetic information and is involved
in setting up cell type and tissue-specific epigenomes. Con-
sidering that many proteins bind chromatin not only by
recognizing DNA through its sequence but also its shape
or in combination with other proteins, the use of ratio-
nally designed stable DNA mimic foldamers is a powerful
new method to selectively target those interactions. So far,
most investigations had been performed on isolated DNA
binding molecules in presence of isolated DNA substrates
(17,18), which is far from being physiological. In the eu-
karyotic nucleus, DNA is packaged in chromatin, which is
a highly complex and dynamic structure containing multi-
ple proteins competing for interactions (4,5). To better re-

semble the in vivo situation, we therefore used a complex in
vitro chromatin assembly system from Drosophila preblas-
toderm embryos. This allowed us to identify the most likely
targets of the foldamers in vivo. One of the strongest tar-
gets of foldamer turned out to be the highly conserved ORC
complex. ORC is essential for DNA replication and has re-
cently been shown to act as a major organiser of chromatin
structure around replication origins together with the nu-
cleosome remodelling complex INOSO0 (28). We show this
function is greatly disturbed when foldamer is present and
results in a block of S-Phase progression upon foldamer
treatment. Our experiments demonstrate the power of us-
ing complex in vitro systems to investigate multi-factorial
biological processes such as chromatin assembly and bind-
ing. Combined with proteomics, this approach constitutes a

€202 1940}00 9| UO JaSN USYOUSN| ¥U10I|GIGSIoBNISISAIUN AQ 6889GZ./6296/8 L/ G/AI0IE/IEU/WO0d"dNO"OIWSPED.//:Sd))Y WO PaPEOjuMOd



novel and efficient way to rapidly investigate the pleiotropic
effects of DNA mimics on chromatin and correctly predict
their effect in vivo.
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