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H
ABSTRACQ

NucIeosor@ substrates for a broad range of factors, including those involved in

transcripti romosome maintenance/reorganization, and enzymes that covalently

modify hi Given the heterogenous nature of nucleosomes in vivo (i.e. histone

7

composition, post-translational modifications, DNA sequence register), understanding the

specificity; ivities of chromatin-interacting factors has required in vitro studies using

]

well-define osome substrates. Here, we provide detailed methods for large-scale PCR

d

preparati NA, assembly of nucleosomes from purified DNA and histones, and
purificati NA and mononucleosomes. Such production of well-defined nucleosomes

for bio

M

d biophysical studies is key for studying numerous proteins and protein

complexegthat bind and/or alter nucleosomes, and for revealing inherent characteristics of

[

nucleoso

no

Basic Protecol 1:;6Generation of DNA fragment by large scale amplification via PCR

t

Basic Pro NA and nucleosome purification using a Bio-Rad MiniPrep Cell/Prep Cell

U

Basic Protocol 3:dNucleosome reconstitution via linear gradient salt dialysis

A

KEYWORDS:
2
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Nucleosome purification; Nucleosome reconstitution; large-scale PCR; histone octamer;

—
Q.
|NTRO&JE

Due to th@l role as a regulators and carriers of epigenetic information for eukaryotic

DNA

genomes, gau omes are widely studied and intersect with many systems. In vivo,

S

nucleosome- and DNA-binding factors are faced with an incredible complexity of

U

nucleoso strates, arising from myriad combinations of histone and DNA

modificati@ns, variations in histone composition, and multiple positions of histones on DNA

f

(Jiang & 009; Allis & Jenuwein, 2016; Atlasi & Stunnenberg, 2017). Whereas

d

sequencing-ba methods provide an increasingly clear picture of the genomic locations
where nucle es, specific modifications, and bound factors are found in vivo (Jiang &
Morta . > Klein & Hainer, 2020), in vitro studies are still required to reveal the

biochemic!l characteristics and mechanisms of chromatin-interacting systems and their

nucleoso rates (Kornberg, 2000).

For in vitr, mical and structural studies, mononucleosomes have been an essential
reagent that has_led to a better understanding of both the inherent properties of histone-
DNA inte i as well as how nucleosomes can be recognized, manipulated, mobilized,
and modi a host of cellular factors (McGinty & Tan, 2015; Venkatesh & Workman,

2015; 4, 2018; Sundaram & Vasudevan, 2020). Nucleosomes present a natural

barrier to transcription and, thus, how nucleosomes affect and are recognized by

3
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transcriptional machinery continues to be a major area of interest. To allow RNA

polymerases to transcribe through, nucleosomal DNA must be unwrapped from the histone

==

core, tem ily disrupting canonical histone-DNA interactions (Kujirai & Kurumizaka,
2020). D disruptive processes, nucleosomes intimately associate with histone
N

chaperond§, which assist in both histone eviction and deposition (Gurard-Levin et al., 2014;
Liu et al., @ucleosomes also unwrap spontaneously in the absence of outside factors,

providingmption factors brief access to their otherwise buried binding sites (Li &
004;

Widom, 2 I et al., 2005; Wei et al., 2015). lllustrating the complex interplay between

nucleosoa transcription factors, nucleosomes can be partially unwrapped by

transcription and pioneer factors (Li et al., 2005; Dodonova et al., 2020), yet rewrapping of

[

nucleoso dramatically accelerates dissociation of some DNA-binding proteins (Luo
et al., 2014). intrinsic dynamics of DNA unwrapping can also be strongly influenced by
DNA sequen o et al., 2015) and the substitution of particular histone variants (Bao et
al., 200%% -Diers et al., 2018). Though DNA is often described as being tightly held in

place by Se histone core, nucleosomal DNA displays intrinsic translational positioning

dynamics amplified and capitalized on by a number of systems, including chromatin
remodelers ier et al., 2017; Sabantsev et al., 2019), DNA repair machinery (Matsumoto
et al., @cription factors (Rudnizky et al,. 2019), and viral integrases (Wilson et al.,
2019). mes also provide hubs for architectural factors, which — through

substitution of SStone variants that allow targeting of specific factors — are critical for

nucleati rge cellular structures like the centromere (Yan et al., 2019). Nucleosomes
are also subje a rich diversity of post-translational modifications, which not only provide
4
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unique environments for code readers, but also influence activities of downstream enzymes

(Worden et al., 2019; Schmitges et al., 2011) and DNA dynamics of nucleosomes themselves

{

(Simon et 1; North et al., 2012; Bowman & Poirier, 2015). For these diverse systems,
mononucl ave been instrumental for revealing biophysical and biochemical
N

properties§through numerous in vitro methods, including crystallography, cryo-electron

microscody (cryogEM), single-molecule techniques (Forster resonance energy transfer (FRET)

G

and forcegsp scopy), mass-spectroscopy, NMR, cross-linking, footprinting, and other

S

enzymatic, spectroscopic, and gel-based techniques.

U

For most in vitro studies, nucleosomes are made using positioning sequences that bias the

placemen histone octamer on DNA. Common positioning sequences used are the

[

Widom 6@/ w ary & Widom, 1998), MMTV, 5S rDNA, and an alpha satellite derivative

d

(Flaus, n with strong positioning sequences, however, nucleosomes can occupy

multiple on DNA, with each sequence typically giving a characteristic pattern of

M

major and minor species. In addition to off-target species, nucleosomes reconstituted in

vitro are

[

ompanied by free DNA and hexasomes, which lack one H2A/H2B histone

dimer. Gi@ dependence of in vitro experiments on homogeneous preparations of
nucleoso ighly purified nucleosomes are often critical for obtaining structural, kinetic,
and m sight into nucleosomes and chromatin-interacting factors.

{

Here, we describe methods for producing and purifying mononucleosomes in four basic

Ul

steps. The fir p is the production of double-stranded DNA fragments (145 to ~250 bp)

via PCR otocol 1). PCR-based amplification allows facile incorporation of biotin and

A

5
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fluorescently-labeled DNA probes that enable basic nucleosome properties —such as

positionini, DNA unwrapping, and complex formation— to be followed by numerous

biochemic single-molecule techniques. The second step is purification of DNA via
acrylamid rophoresis using a Bio-Rad MiniPrep or Prep Cell apparatus (Basic
N

Protocol and the third step is reconstitution of nucleosomes from purified histones and
DNA usin@radient salt dialysis (Basic Protocol 3). Finally, nucleosomes are purified

using the wmiPrep/Prep Cell apparatus as for DNA (Basic Protocol 2). The gel-based

purification method described here allows mononucleosomes with distinct positions on

DNA to b;ed for subsequent biochemical and biophysical studies (Figures 1 and 2).

[*Figure

{
[*Figure Zmre]

=

STRATEGIC PLANNING:

L

The protoco nucleosome reconstitution (Basic Protocol 3) requires histone octamer and
dimer to ied ahead of time. Histones can either be expressed in inclusion bodies,
purifiecﬂy and then refolded together (Luger et al., 1999), or may be co-expressed
as squW tetramers, or octamers (Anderson et al., 2010; Shim et al., 2012; Turco et
al., 2015; Ivi¢ etQal., 2016). After purification and refolding, our lab concentrates histone

octamer to 0 uM and H2A/H2B dimer to ~200 uM and then flash freezes small

6
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aliquots (10-20 pl) in liquid nitrogen in buffer containing 2 M NaCl, 10 mM Tris-HCl pH 7.5, 1

mM EDTAI 5mM P-mercaptoethanol, and 10% glycerol.
When platro reconstitution of mononucleosomes, a major consideration is the

DNA sgaueneemto be used. Is a particular natural DNA sequence necessary, or can a
nucleosorhitioning sequence be wused? With strong positioning sequences,
nucleosor@oducibly form in a limited number of distinct translational positions on
DNA (Flam A popular nucleosome positioning sequence is the Widom 601 (Lowary &
Widom, 1 ich strongly prefers a single unique octamer position on DNA. When a

single translational position of a nucleosome is desired, nucleosomes made with positioning

sequencege the highest yields. A related question is whether the DNA needs to
contain a mr element, such as a recognition sequence (as for a DNA-binding factor) or
DNA ificaiei (fluorescent labels or other chemical additions/alterations such as biotin,

methylatio ns, or single-stranded DNA gaps). If so, the accessibility of the DNA

element will be affected by the rotational phasing and translational positioning of the DNA

1

with resp e octamer. Although the unique positioning of the Widom 601 sequence
can be diy sequence changes (for example, see Figure 2C), the 601 has allowed for
placemen -binding sites, DNA lesions, internal biotin moieties, and fluorescent dyes
at defi s on the nucleosome (Li et al., 2005; Matsumoto et al., 2019; Nodelman

{

et al., 201 tsev et al., 2019;).

U

In some case ay be desirable to enrich for hexasomes, as these allow for production of

asymme leosomes. Unlike nucleosomes, hexasomes lack one of the two H2A/H2B

A

7
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dimers, which results in unwrapping of ~40 bp of DNA from the side lacking the dimer.
Hexasomes can be transformed into nucleosomes with addition of H2A/H2B dimers, either

before (D I., 2020) or after purification (Levendosky et al., 2016; Levendosky &

Bowman, e the H2A/H2B dimer added to hexasomes need not be the same as

N
the sole H2B dimer already present in the hexasome, the resulting nucleosomes can

E

contain HZA/H2B)dimers with distinct protein sequences (for example, a mutant or histone

variant) o ifications (for example, a post-translational modification like ubiquitin or

USC

fluorescent dye) on the two sides of the nucleosome (Dao et al., 2020; Levendosky et al.,
2016; Lev & Bowman, 2019; Sabantsev et al., 2019). Hexasomes migrate more

rapidly th@nh end-positioned nucleosomes in native acrylamide gels, yet for the Widom 601,

fl

the amou aration between hexasome and end-positioned nucleosome depends on

d

which side of 601 contains the flanking DNA (Levendosky et al., 2016).

M

BASIC PROTOCOL 1: Generation of DNA fragment by large scale amplification via PCR

[

This proto ins how to perform a large-scale PCR reaction and prepare the PCR product for
subsequent ation. Here, a 10 ml PCR reaction is described that yields suitable amounts of a

duplex DNA\fragment for subsequent reconstitution into mononucleosomes. The ratio of reagents is

q

similar t for a standard 100 pl reaction, but made in a larger volume master mix that is

{

then distribute individual tubes for the PCR reaction. Reactions are subsequently pooled and

Ul

concentrated fo rification (Basic Protocol 2). For biochemical studies, we routinely prepare 5-20

ml mas eactions, which yield a total of 200-1200 pg DNA, or 40-60 ug of DNA per ml of the

A

PCR master mix.

8
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For the DNA template, we and many others typically use nucleosome positioning sequences such as
the Widom 601 (Lowary & Widom, 1998), but any sequence may be used. For producing
mononu#es, DNA fragments are typically between ~145 and ~250 bp in length, with ~145 bp
being the th needed for completely wrapping the histone octamer. Nucleosomes made
with thgn'!qilmaength, called nucleosome core particles, are often referred to as ONO. With strong

positioning ﬁquces such as the Widom 601, nucleosomes can be given specific lengths of flanking

DNA on on h sides because the DNA sequence determines where the histone octamer will

preferentiwgt (see Tan & Davey, 2011). With such strong positioning sequences,

mononucl can be made with specific lengths of flanking DNA on one or both sides, allowing

one to cre lled end-positioned and centered mononucleosomes such as 8ONO or 40N40.

For the prC/e recommend that they match the template for at least 28-30 nucleotides.

Primers ofmsy means for introducing sequence alterations and chemical moieties at defined

locatio gel-based applications, a fluorescent probe at the 5’ end (e.g. /56FAM/ for IDT

primers) allo leosomes to be easily visualized. Other common primer modifications include
biotinylation, useful for tethering DNA/nucleosomes to streptavidin-coated quartz slides for single-

molecule idies, and Cy3 and Cy5 dyes for bulk or single-molecule FRET (Li et al., 2004; Yang &

Narlikar, ster et al., 2009).

Materiy

Ultrapure wats (e.g. Milli-Q purified)

10x NEB oPol buffer (see Reagents and Solutions)
100 m

10 mM dNTPs (2.5mM of each nucleotide; Thermo Fisher Scientific, cat #10297018)
9
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100 uM DNA primer, forward direction (custom ordered from, for instance, Integrated DNA

Technologies)
100 u:dD rimer, reverse direction

100 ng plate

Taq-poEase (e.g. NEB cat #M0273; or produced in-house and diluted such that 10 pl/ml of
PCR master mix gives optimal activity)
Agarosad cat #16500500)
100 brleB cat #N3231)
6x DN buffer (see Reagents and Solutions)
40% sn/v; sterile filtered; Fisher #55-500)
C
Conica 5 ml (Falcon Conical tubes cat #352196)
0.2ml Pme strips (USA Scientific cat #1402-4700)
Th@referably with > 96 tube capacity, e.g. Bio-Rad T100)
Ag trophoresis system, e.g.
Gel box: Bio-Rad Mini-Sub Cell GT Cell

Ge: Era : !ubcell GT UV Mini-gel tray 7x10 cm (Bio-Rad #1704435)

ell comb (Bio-Rad #1704462)
Powﬂ.g. Bio-Rad PowerPak Basic #1645050)
Refrigerate ntrifuge (e.g. Sorvall Legend XTR with swing bucket rotor for concentrators)
Spin ¢ ors, 10 kDa MWCO concentrators
. ﬁapacity, Amicon Ultra-0.5ml (cat # UFC501096)

capacity, Amicon Ultra-4 (cat #UFC801024)

I
e 15 ml*€apacity, Amicon Ultra-15 (cat #UFC901024)

10
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Microcentrifuge (e.g. Eppendorf 5424), at 4°C (in cold room)

H
Protocol @

Test ald m PCR conditions in 100 ul single reactions

P

1. Pe<orm> few small-scale PCR reactions. These test reactions will ensure that,

a .2 ml tubes, make several 100 pul test reactions using the amounts (and

D ch reagent given in Table 1.

ne component that can have a significant effect is the concentration of MgSQO,,

mving on to a larger scale, all components produce sufficient DNA. In thin-
a

be
w
or

mwe suggest varying in test reactions. The amount of Taq can also be
t

to optimize best yield of target product while keeping unwanted products

Enimum.

[* Table 1 near here]

2. Ruﬁlowing PCR program for the 100 pl test reactions:
!IEIa! sEep: 1 min 95°C (denaturation)

0 cycles: 30s 95°C (amplification)

: 30s 55°C

1 min 72°C
{zp: 10 min  72°C (elongation)

11
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3. We guantity and quality of product by analyzing PCR reactions on a 1.5%

ag @ lin 1x TBE. Load 10 pl PCR sample plus 1x DNA loading buffer. Successful

€

e simigastions should yield a single DNA product of correct size at approximately 0.5

ug*timated by eye, using the ladder as a reference).

SC

Perform large scale reaction

U

4. Once the conditions are optimized, prepare a 10 ml PCR master mix. In a 15 ml

]

co e, first combine all reagents except Taq polymerase, in the order given in

Taflle ix thoroughly by inverting tube multiple times and/or vortexing.

d

s reaction may be scaled from 5 ml to 20 ml, depending on the tube capacity

hermocycler (e.g. 96 vs 384 wells) and amount of DNA product desired. If

Vi

more DNA is required, PCR can be repeated consecutively in volumes equal to the

[

t ocycler capacity. We have prepared 100-140 ml of PCR in 20 ml batches.

ect final purified yields of DNA to be 40-60 ug per ml of PCR master mix.

.

Taq polymerase to PCR mix.

{

e Taq is stored in high concentrations of glycerol, use a wide-bore pipet

U

,_alternatively, cut off the bottom third of a (sterile) pipet tip with a clean

r blade. This will allow for more accurate and rapid pipetting of Tag. Add Taqg

A

into the PCR master mix, gently pipetting up and down until no residue remains

12
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on the pipette tip. Additionally, since the Taq will settle to the bottom of the

master mix, thoroughly mix by inverting the tube ~30 times. Failure to completely

Q’Illead to poor yields.

6. Aligeeigiaster mix into 0.2 ml thin-walled strip tubes. For a 10 ml reaction in a 96
wehocycler, aliquot 105 pl per tube. Cap tubes and place in thermocycler.

7. Ru R program given in step 2 above.

SC

Il take approximately 2.25 hours.

hermocycler program has finished, transfer the PCR product from each

tule to a fresh 15 ml conical tube.

f#

A tage, the sample can be stored at -20°C for later processing.

©

: Run 10-40 ul PCR product on agarose gel along with 100 bp ladder to

t the amount and size of the major product is as expected.

Prepaté DNA for purification

10. U concentrators, concentrate the PCR product to these target volumes:

MiniPrep Cell = 50-60
Fag Prep Cell, 28 mm column =100 pl

Prep Cell, 37 mm column = 600 pl-1 ml

Auth

13
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With large amounts of PCR (>40 ml), the Taqg enzyme can start precipitating and

interfere with concentration. If this occurs, remove the sample to 1.5 ml microfuge

H
tub

de a 1 min hard spin to pellet the Taq.

N
W using spin concentrators, spin below the maximum recommended g-force to

av@le loss. We routinely use an Amicon Ultra-4 (for 5-20 ml) or Amicon Ultra-

15 w ml or more). To reach a final volume of 50 ul, we typically use Amicon
Ultra-0.5m

I spin concentrators. When the sample has been reduced to the desired

Eansfer to a fresh microfuge tube, and then rinse the concentrator

Vo
membrane. For the MiniPrep Cell, rinse the membrane with up to 20 ul, and for the
Pr

m8 mm column), with up to 50 ul. Since the rinse will increase volume, for

t i ep Cell, we recommend using 40% w/v sucrose to wash the membrane. For

he
§Il, we normally use eluate for rinsing.

11. A(! 40% w/v sucrose to the DNA sample to achieve a final concentration of 6%.
Vo then pulse-spin in microfuge. Final volumes for DNA purification should
bei range listed:

ﬁ MiniPrep Cell =~80 ul

e For Prep Cell, 28 mm column = ~180-250 pl

3 Prep Cell, 37 mm column=>1.2 ml
s can be stored on ice for same-day purification (Basic Protocol 2), or at -20° C

12.(
if purificaon will be carried out one or more days later.

14
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BASIC PR'TOCQ 2: DNA and nucleosome purification using a Bio-Rad MiniPrep Cell/Prep

After pﬂ)ﬂ)f a DNA fragment (Basic Protocol 1), the next step is to purify the desired

DNA by eahoresis through a native acrylamide gel column. Note that the same

procedure used after reconstitution of nucleosomes (Basic Protocol 3); therefore,
here we W the purification protocol for both DNA and nucleosomes, noting
difference@ appropriate. DNA and nucleosomes migrate through gels based on their
size, shap arge. For DNA, purification by native acrylamide gel allows separation of

different products and primers, as well as DNA fragments digested from plasmids

containinme copies of nucleosome positioning sequences. Purified DNA will enable

more centration measurements needed to attain good yields from nucleosome
reconsti s. For mononucleosomes, gel-based purification enables separation of
nucleosomes with distinct positions of the histone core, hexasomes, and free DNA. Due to

differencehpe, mononucleosomes with extra DNA on one side (e.g. ON80) migrate

more qu@n when DNA is distributed on both sides (e.g. 20N60 or 40NA40)

(Meersse!an et al.,, 1992).

The pumrotocol described here utilizes either a MiniPrep Cell or Model 491 Prep

Cell apparatus, ;nufactured by Bio-Rad. The user polymerizes acrylamide in a central glass

tube, an ectrophoreses a sample through this gel column. The MiniPrep/Prep Cell
apparatus is ned to recover samples once they elute off the column, with a channel for
15
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buffer to carry samples from the base of the column to an external fraction collector (Figure

3). In this way, a complex mixture can be fractionated based on its migration speed through

The main gemsigeration for whether the MiniPrep Cell or Prep Cell should be used is the

amount oh to be purified. As a rough guideline, the MiniPrep Cell should be used for

nucleosor@stitutions in the range of 1 nmol or less (Figure 1) or < 10 ml PCR of DNA.
For Iargems, the Prep Cell should be used to avoid overloading, which will result in
poorer re . The Prep Cell has two different diameter columns, 28 mm and 37 mm.
For the Zggel column, we routinely purify 2.5-11 nmol (reconstitutions containing 300
pg-1.5 mG&) of reconstituted nucleosomes. For the 37 mm gel column, we have
successfuMd nucleosomes from reconstitutions containing 17 nmol (2 mg of DNA) of
a mixe

cleosome sample, to as high as 74 nmol (10 mg of DNA, originating from

a plasmid ing a 601 array) of a well-behaved 601 nucleosome sample (Figure 2).

W

When using both small and large diameter gel columns of the Prep Cell, a central cooling

[

core is pr en the acrylamide gel is poured. The cooling core is used in conjunction
with a ron pump to keep the gel cooled during polymerization and during
electroph i the sample. Due to the addition of the cooling core/recirculation pump,
as wel design differences, the Prep Cell has a more involved set up than the

{

MiniPrep :r the Prep Cell, the acrylamide gel should be allowed to polymerize

overnight Stherefore, two days should be allotted for purification. For the MiniPrep Cell,

i dﬁ merization is also recommended for nucleosome purifications; however, a

16
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shorter polymerization is often sufficient for DNA purifications, allowing smaller scale DNA

purifications to be carried out in one day.

[*Figure @ re]

MaterlgIS'

{

30% adfylamid@:bis-acrylamide (60:1) solution (see Reagents and Solutions)

C

10x TBEs agents and Solutions)

S

Ultrap r (e.g. Milli-Q)

TetramethyletRlylenediamine (TEMED; Fisher #8P150-20)

U

10% a persulfate (APS; see Reagents and Solutions; Bio-Rad #161-0700), freshly

.

ad 1-butanol (see Reagents and Solutions)

s

Q

—+

(]

-
aﬂl

agents and Solutions), filtered and chilled

iniPrep Cell

y

e 3 LforPrep Cell

1

DNAE n Buffer (see Reagents and Solutions)

or MiniPrep Cell

0

e 1L TorPrep Cell

h

Nu tion buffer (RB Zero, see Reagents and Solutions)

[

for MiniPrep Cell

o 1L forfPrep Cell

B

For anal NA-alone fractions:

io-Rad #16500500)

A

100 bp ladder (NEB #N3231)
17
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6x DNA loading buffer (see Reagents and Solutions)

1x TBE

t

rip

0.25x TBE (native PAGE running buffer for analyzing nucleosome-containing fractions)

40% s terile filtered; Fisher #55-500)

|
MiniPrep, Cell.(Bio-Rad #1702908) or Model 491 Prep Cell (Bio-Rad #1702926)
mp (only for Prep Cell; Bio-Rad #1702930)

Recirc

Parafil

SC

Gradu ders

U

or MiniPrep Cell

0 ml for Prep Cell, 28 mm column

4

or Prep Cell, 37 mm column

4

a L, for buffer preparation

Plastic s

\'l

I, for pouring MiniPrep column and for system assembly

. x 60 ml, for pouring Prep Cell column and for system assembly

[

r loading Prep Cell

O

Tygon
Tube fifings

Barbedybarbed connectors (PVDF 1-2mm Gilson #F1179941)

th

luer-to-hose barbed adaptor (e.g. Cole-Palmer)

U

PFA tu

inch inner diameter for pouring 28 mm Prep Cell column

A

e 1/16 inch outer diameter for loading Prep Cell
18
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Microfuge tubes, 1.5 ml (e.g. Fisher 05-408-129)

Spatula (Fisher #21-401-10)

Gel Ioa!i ips, round, 0.5mm thick, 1-200 pl (for loading MiniPrep Cell column; Costar #4853)
Fractio .g. Bio-Rad 2110 or Gilson FC203B)

Fra&owor tubes
. aapless, for MiniPrep Cell (e.g. Fisher #02-681-451)
. pless, for Prep Cell (e.g. Fisher #02-681-453)

Peristw for fraction collector (e.g. Gilson Minipuls 3)

Tubing;taltic pump (e.g. 1.5mm PVC tubing #F117942, for Gilson Minipuls 3)
S

Power
. gor Prep Cell: 10 W capability (e.g. Bio-Rad PowerPac HV, cat #1645056)
iPrep Cell: <5 mA capability (e.g. Bio-Rad PowerPac HV, cat #1645056)
or analyzing fractions (e.g. Bio-Rad PowerPak Basic, cat #1645050)
Spin con ors, 10kDa MWCO concentrators
apacity, Amicon Ultra-0.5ml cat # UFC501096
. g ml capacity, Amicon Ultra-4 cat #UFC801024
° capacity, Amicon Ultra-15 cat #UFC901024
Refrige ntrifuge (e.g. Sorvall Legend XTR with swing bucket rotor for concentrators)
Mic£rifuge, refrigerated (e.g. Eppendorf 5424 in cold room, or Beckman Microfuge 20R)

For anixsis ofi)NA-anne fractions: Agarose gel electrophoresis system, e.g.

: Bio-Rad Mini-Sub Cell GT Cell

:: Subcell GT UV Mini-gel tray 15x10cm (Bio-Rad #1704416)
¢mm well comb #1704449
For analysis of nucleosome-containing fractions: Acrylamide gel electrophoresis system, e.g.

19
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Bio-Rad MiniProtean lll system
Short plates (Bio-Rad #1653308)

1.5 mm spacer long plates (Bio-Rad #1653312)

mm combs (each well is ~¥4.5 mm wide)

Spearir otometer (e.g. Varian Cary 50 UV-Vis spectrophotometer)

Protocol S

SC

Set up ac ide gel column

=

U

noon the day before purification, prepare acrylamide solution.
MiniPrep Cell, and using a 30% acrylamide:bis-acrylamide (60:1) stock

, make 10 ml of a 5.5% to 7% acrylamide:bis-acrylamide (60:1) solution in

d

E. Vacuum degas solution for 20 min. Prepare fresh 10% APS (100 ul) and

ill onice.

M

e For the Prep Cell, and using a 30% acrylamide:bis-acrylamide (60:1) stock

{

solution, make 30 ml (for 28 mm column) or 60 ml (for 37 mm column) of a 5.5%

& acrylamide:bis-acrylamide (60:1) solution in 0.5x TBE. Vacuum degas

olution for 20 min. Prepare fresh 10% APS (200 ul) and chill on ice. Fill a syringe

£

ter-saturated butanol and attach tubing so that it is ready to overlay once

:

gelisoured.

Au

20
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For nucleosome purifications, use a 7% acrylamide gel, which helps separate
hexasomes and mis-positioned nucleosome species. For DNA purifications, a 5.5-6

lamide gel is sufficient.

ot

leosome purification, acrylamide columns should be not more than 12-18

|

Id when sample is applied to the column. For DNA purifications, the
is routinely poured the day before as well, but for the MiniPrep Cell, the

(o can also be poured 3-5 hours before use. Also, MiniPrep Cell columns,

SCI

at 4°C, can be used for DNA purifications up to 3-4 days later.

AU

e column to pour the acrylamide solution.

niPrep Cell, securely cover bottom of two or three glass columns with

a

\Y

A casting stand may also be used. However, only one casting stand is included
ue MiniPrep Cell system, and it is helpful to pour an extra column as a

. Double wrap the bottom of each gel tube, winding the parafilm several

just above the gray gasket portion to make a seal. Place upright on

op pressing down on the gel tube to flatten the parafilm.

)

@ ling core inside, according to the manufacturer’s instructions. Attach the

Prep Cell, attach the glass column to the casting stand and place the

buffer recirculation pump tubing to the cooling core and recirculate with chilled
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ultrapure water. Once the outside of the glass gel column is cool to the touch

~15 min), the column is ready for pouring the acrylamide solution.

{

that the casting stand is level, using the built-in bubble level.

rip

3. Polymerizé and pour acrylamide gel.

C

MiniPrep Cell column, transfer gel solution (10 ml) to a small beaker. Add

f 10% APS, followed by 2.5 pl TEMED. Quickly but gently mix by swirling.

LS

el solution into a 10 ml syringe. Quickly attach the tubing to the syringe
and fill the gel column to the desired height (5-7 cm).

28 mm Prep Cell column, transfer the gel solution to a beaker and add 75

a

I % APS and 7.5 pl TEMED; draw gel solution into a 60 ml syringe. Quickly

a the tubing to the syringe and fill the gel column to the desired height (5-7

e @For the 37 mm Prep Cell column, transfer the gel solution to a beaker and add

g

10% APS and 15 ul TEMED. Directly pour the acrylamide solution into the

0

s column from the beaker to the desired height (5-7 cm).

N

t

e typically use 1:1 ratios of APS to TEMED, and concentrations of 0.025—0.033%

d TEMED. For gels (e.g. native gels) exposed to air, Bio-Rad recommends

U

Ing the amount of TEMED (1:2 of APS:TEMED; see Bio-Rad Tech Note 1156).

A
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In general, a higher column will give better separation, but there will be more

diffusion of sample. We generally work within a gel height range of 5-7 cm for

t

nd nucleosomes. A 5.5 cm Prep Cell column is often sufficient to separate a

joned nucleosome (e.qg. 601) from hexasomes and free DNA; however, if

®

ere are other minor species running closely together on a native gel, then a

allergel may be needed. Also, when loading the upper end of recommended

¢

ts for the particular prep cell system, a taller column of 6-7 cm will give

ore time for species to separate.

US

ry not to introduce air bubbles when drawing gel solution into syringe. Note that
is some shrinkage when the acrylamide polymerizes, so the gel should be

a couple millimeters above desired height.

afl

A

M

lately after pouring gel, gently tap the column on the benchtop to release air
the bottom of the column. Tap (~10 times) until bubbles are no longer

seen rising from the base. Overlay with water-saturated 1-butanol to a height of ~3

[

3

es

MiniPrep Cell, use a p200 to add 60-100 pl of butanol.

e WFor the Prep Cell column, use a syringe with attached tubing to add 0.5 - 1 ml (for

g

column) or 1.5 - 2 ml (for 37 mm column) of butanol.

{

U

am butanol down the side of the glass column so as not to disturb the gel

The butanol should be added as soon as possible after the gel is poured into

A

the colu
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5. Allow acrylamide columns to polymerize at room temperature.
e For th(i MiniPrep Cell, after 30 min, cover the top of the glass tube with parafilm
ntly place upright in a beaker in the cold room for overnight storage.
° ep Cell, allow the gel column to polymerize on the benchtop overnight
N
ﬁ room temperature with water recirculation. An example of the setup is shown

‘ln Fig’e 4A. The beaker of recirculating water can be placed in a partially filled

mket to keep the water chilled for a couple of hours.

e Prepare the 0.5x TBE (used as running buffer for MiniPrep/Prep Cells) and either
nucleosome elution buffer, depending on your use (add DTT fresh just

before use). Sterile filter and store in the cold room.

A

[*Figure 48he re]

d

Set up iniPrep/Prep Cell

6. € next morning, decant the butanol. Gently and extensively rinse the surface with
del@nized water to flush away any traces of butanol.

7. Pr lumn for assembly

QL

e For the MiniPrep Cell, gently remove parafilm from the base of the column.
Prep Cell, carefully detach the gel column from the casting stand. If

-

necessary, use a spatula to carefully break the seal between the gasket and the
Zstand.

8. the column. Ensure the top and bottom surfaces of the gel column are level

and devofd of air pockets/bubbles. For the Prep Cell, ensure the top surface of the
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gel adheres to the inside wall of the glass column. Shortly after inspection, add a few

ml of running buffer to the top of the column to keep surface hydrated.

Thce affects the shape of the front moving through the gel and, therefore,

i@ Haimseifoce provides the best separation. If the base of the column has an air

poh,s may not impact DNA purification, but should not be used for nucleosome

pu@v. For the Prep Cell, the process of removing the column from the casting

stahdj@anicompromise the integrity of the gel. In particular, excessive manipulation

S

caj an air gap between the glass tube and the acrylamide gel. An air gap that

does not reach the top surface of the gel will not impact the run. However, an air gap
th@js to the top surface will result in the sample running down the side of the

co sample loss.

dl

9. e the MiniPrep Cell/Prep Cell system, according to the manufacturer’s
s (see Internet References below). See Figure 5 for an overview of

MiniPrep Cell assembly.

[

Ex should be taken to avoid bending the stiff tubing exiting the MiniPrep Cell

O

support frit/elution manifold base, as it can be prone to breaking, which then

lacement of the support frit.

th

Thestniekiest part of the Prep Cell setup is purging the air out from around the fluted

ga the elution chamber (attached to the gel tube assembly). Fill a 60 m/

ﬂ@ with elution buffer and attach the elution buffer outlet tubing. Use the

syringe to fill the tubing with elution buffer and, while holding onto the plunger of the
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syringe, attach the tubing to the elution buffer port of the cooling core. Lean the

assembly towards yourself such that the elution buffer inlet port on the lower

{

ch cap is farthest away from you and at the highest point (see Figure 6).

H ringe, push the elution buffer into the central port of the cooling core.
[ |

Ashe area within the elution chamber fills with elution buffer, air bubbles will be

ev@cuated through the elution buffer feedline and then into the elution buffer

C

resgrv ften, there will remain bubbles trapped around the gray gasket within the

S

lower chamber cap. To remove these, carefully reintroduce air into the chamber, to

U

m any remaining air bubbles, by pulling on the plunger of the syringe. This

Wi! draw air from the elution buffer reservoir in the upper chamber back through the

eluti ffer feedline and into the elution chamber. Once all the air bubbles are
m(mmediately reverse and push the air out of the lower chamber cap. Repeat
E to remove any remaining air bubbles. For stubbornly trapped air bubbles,
be coaxed out by more quick reversals of the syringe plunger.
[*Psure 5 near here]
[*I@ 6 near here]
10.#tom chamber of the MiniPrep/Prep Cell apparatus with chilled 0.5x TBE
U ffer.

The lo buffer chamber should be filled with buffer to a height ~ 1 cm above the

t acrylamide gel. This will help keep the gel chilled during the run.
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At this point the system should be transferred to a flat surface in the cold room.

tral chamber on the top portion of the MiniPrep/Prep Cell apparatus with

ch @ TBE running buffer (Figures 3 and 5J).

MiniPrep Cell, fill to ~1.5 cm from the rim. Sometimes, in the process of

I

he inner chamber, an air bubble can get trapped at the top of the glass

e

. In this case, use a clean p1000 tip to dislodge the bubble.
o NFqQ'th@ Prep Cell, prior to adding running buffer to the top inner chamber, attach
from the recirculation pump to the cooling core. This step should be done

in the cold room where the run will occur. Also, connect the tubing from the

US

ide of the recirculation pump to the port on the lower buffer chamber,

a en the stopcock. Start the recirculation pump (Bio-Rad recommended flow

Gl

re 80-100 ml/min).

12. Fil er elution buffer chamber with elution buffer (DNA elution buffer or RB

W

Zero) (Figure 3).

[

If any.0.5x TBE running buffer was spilled into the elution buffer chamber, remove

inating running buffer before adding the elution buffer.

-

save some of the elution buffer to serve as a blank for an ODsp.310

|

rbance reading following MiniPrep Cell/Prep Cell purification.

13. Co e elution buffer tubing to the peristaltic pump, which leads to the fraction

r. An overview of the Prep Cell with accompanying equipment is shown in

AU

Figure 4B.
27
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Before connecting, wash the pump and fraction collector tubing with elution buffer.

While the syringe is still attached to the elution buffer tubing, push a little buffer

{

~
>
3

e elution tubing to dislodge any bubbles that might have entered the

feedline prior to filling outer the chamber with elution buffer. Next,

o
—

reMove the syringe from the elution buffer tubing and attach to the peristaltic pump

tulling, stch that the flow will be directed from the MiniPrep Cell/Prep Cell to the

G

fragti llector.

S

14. Pr niPrep/Prep Cell gel columns for = 20 min.

—

e For the MiniPrep Cell, run at 1 W constant power.

C.
w

Prep Cell, run at 10 W constant power.

MiniPrep Cell, the volts should be in the 250-300 V range, and for the Prep

the volts are typically ~350 V (28 mm column) or ~250-270 V (37 mm

). If the volts are much higher than expected (> 400 V), there are several

M

ossible causes that should be resolved before sample is loaded. Possible causes

i) trapped air bubble around the region of the frit; (ii) clogged elution frit;

orrect buffer in the upper inner and/or lower chamber of the apparatus; or

iv) improper alignment of the electrodes on the upper and lower chambers.

th

15. n the pre-run is finished and the sample is ready to load, pause the power

U

remove the lid.

A
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16. For nucleosome samples only, save 1 ul of load for gel analysis. Transfer the 1 ul of

load to a tube containing 99 pl of elution buffer, gently mix, and store in ice bucket

ghhedeaessomple will help identify desired peak species as well as unwanted species.

Purify DNwleosome sample

17. Lomample.
e For the MiniPrep Cell, load using a p200 with a round, 0.5 mm thick, gel-loading

[

o’
E For DNA purifications, the load volume can be in the 60-100 pl range.
mFor nucleosome purifications, load volume should be as low as
manageable (< 50-60 ul range).
° FOE Prep Cell, load using a small syringe fitted with stiff tubing (e.g. PFA, 1/16
ter diameter, tubing can be long enough to hold 200 pl sample) so that

he end of the tubing can extend through the guide tube to ~3 cm above the top

gel. Slowly eject the sample so that it gently settles on the gel surface.

O

arget load volumes are ~180 - 200 ul (for the 28 mm column) or 0.5 - 1 ml (for

N

mm column).

A purifications, there is more flexibility in the load volumes used. For
osome purifications, however, for which much higher resolution is generally

ired, most optimal results will be obtained with smaller load volumes.

Aut
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In addition to PCR-generated DNA (Basic Protocol 1), the Prep Cell can also be
used to purify mononucleosome-sized DNA fragments that have been digested

lasmids harboring arrays of nucleosome positioning sequences.

ot

that the sample contains a final concentration of ~6% sucrose.

[t

18. Reggnnegt the top lid and restart power supply to start the run.

19. Tur e peristaltic pump for the fraction collector. Suggested flow rates for the

e 100 pufmin for the MiniPrep Cell column

LSO

0 pl/min for the 28 mm column of the Prep Cell

§

e 800-900 pl/min for the 37 mm column of the Prep Cell

d

t start, no fractions are collected, and the elution buffer should be set to go

to te. Maintaining the flow of the elution buffer prior to fraction collection

iV

elpsto clear away contaminants eluting from the gel prior to fraction collection.

20. Pr Is for analyzing fractions.

NA purifications, pour a 1.5% agarose gel with 1xTBE and 1 pg/ml ethidium

Or

e, in a wide tray with 25-30 wells.

n

e _For nucleosome purifications, pour 7% native acrylamide gels sufficient for

40 samples (e.g. four gels with 10 lanes/gel). Prepare and chill 0.25x TBE

ut

running buffer (2 L for two gel boxes). See Figures 1 and 2.
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For routine nucleosome preps, four native acrylamide gels are typically sufficient, but

for larger scale preps, or for those containing slowly migrating samples (e.g.

cedonuc/eosomes}, six or more gels may be necessary.

21. Staglseellecting fractions. For fluorescently-labeled DNA/nucleosome, the sample can
be% followed as it migrates down the gel column. Begin collecting fractions
ches the 1.5 - 2 cm mark. The delay before starting the fraction collector

~1.5 hr for DNA and ~3 hr for nucleosomes with 60-80 bp

S€

osomal DNA.

lU

or the MiniPrep Cell, collect 3 min fractions in 0.6 ml capless tubes.

Prep Cell, collect 2 min fractions in 2 ml capless tubes.

MiniPrep/Prep Cell with a 6.0% acrylamide gel column, the leading edge

ah

the migration band for a 225 bp DNA sample migrates ~3 cm/hr. For
ucleosome-sized DNA fragments (e.g. 145-225 bp), the DNA sample should

be entirely eluted within ~3 hours after loading.

[}

MiniPrep and Prep Cell with a 7% acrylamide gel column, the leading edge

o e migration band for end-positioned nucleosome samples (e.g. ON80)

s ~1.0 cm every 45 min, whereas that of a centered nucleosome (e.g.
Wm} migrates ~1.0 cm/hr. We have noted slower migration rates for the 37
Ep cell gel column. For a 6 cm gel column, total elution time is roughly ~6.5
or an end-positioned ON60 nucleosome and ~9 hr for a centrally positioned

nucleosome.
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When purifying nucleosomes, two distinct bands are often observed on the gel

column, with the faster migrating species corresponding to free DNA and the

d?cies corresponding to nucleosomes.

m mheigsi{abeled samples, it may be possible to visualize a concentrated sample on

hp Cell as a front moving down the gel, due to a difference in refractive

C

The setup described here does not depend on an inline UV detector.
HaWweler, if available, a detector can assist in determining which fractions to

by gel.

Us

22. An ctions.

A purifications: collect up to 40 fractions and analyze by agarose gel.

Set up the 1.5% agarose gel (prepared in step 20) in 1x TBE running

buffer.

Ma

often take every other or every third fraction for the first few and last few

fractions. The majority of the peak should elute within ~12 fractions.

[;

=  For the MiniPrep Cell, mix 3 pl of each fraction with 3 ul 6x DNA
loading buffer.
=  For the Prep Cell, mix 8-10 ul of each fraction with 3ul of 6x DNA
loading buffer.
Load entire 6 ul sample in each well.

o Load 100 bp ladder in the center lane of the gel.

Autho

o Run the gel at 150 V for 30 min and visualize on a UV box.
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e For nucleosome purifications: collect 80-100 fractions and analyze by native

PAGE (Figures 1 and 2).

L

Pre-run 7% native acrylamide gels (prepared in step 20) in 0.25x TBE

ning buffer at 100 V for ~20 min in the cold room.

P

o Prior to loading, use a 20 ml syringe to flush wells with 0.25x TBE.

o WLoad native gels while gel is running. For each gel, include a load sample
in lane 1. Mix 2 ul of the diluted 100 pl load sample (step 16) with 2 pl
12% sucrose and load 2.5 pl/lane. You can prepare the samples for
loading during the pre-run.

=  For the MiniPrep Cell, mix 2 pl of each fraction with 2 ul 12%

sucrose and load 2.5 ul per lane.

For the Prep Cell, mix 5.5 pl of each fraction with 1.2 pl 40%

sucrose and load 5.5 ul per lane. This volume still allows bands to

be resolved for a 1.5 mm thick gel where width of each well is

about 4.5 mm.

re fractions should be taken for centered nucleosomes, or those of large

Qr I\/I_anusc

le. Gel samples can be taken for every third fraction for the first 15

tions, followed by every other fraction for the remaining fractions. If

th

ple is concentrated enough and fluorescently labeled, it may be visible in

U

e fractions.

After loading, allow gels to continue to run at 100 V for 1 hr 45 min.

A

33

This article is protected by copyright. All rights reserved.



o Analyze gels.

If fluorescently labeled, scan gel on Typhoon5 Imager (GE; Figure

2A-C).

If nucleosome is not fluorescently labeled, remove short plate
from gel and, using a razor blade, cut off the bottom corner
corresponding to the side that has the load sample. Place the gel
in a gel dish with 50 ml of 0.5x TBE and 1 pg/ml ethidium bromide.
Place the dish on a rotator plate, gently shake for 5 min, and then

visualize on UV box (Figure 2D).

nuscript

23. Po ractions into a 15 or 50 ml conical tube and place on ice.

/la

material typically corresponds to the most enriched species in the load. If
on the Typhoon5, reduce sensitivity (photomultipler tube, PMT) as

ne@essary so that nucleosome bands are not saturated and individual nucleosome

[f

sp be clearly differentiated.

¢

24.Co e pooled fractions using a spin concentrator.

or DNA purifications, concentrate to roughly ~200 ul (for a 10 ml PCR) or ~400

t

a 20 ml PCR). Determine the concentration by measuring ODg0.310, USINg
re water or elution buffer as a blank. Aim for ~20-30 uM concentration.

ﬂ owing the concentration step, measure the volume of the DNA sample to

AU

determine the total yield in micrograms.
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This target DNA concentration will give flexibility in setting up nucleosome

reconstitutions, where the target final concentration is 6 uM (see Protocol 3).

ot

. @ leosome purifications, concentrate to ~150-200 ul (for the MiniPrep Cell)
m peigd80-600 ul (for the 28 mm Prep Cell) and ~800ul (for the 37 mm Prep Cell).
%ine the concentration by measuring DNA absorbance at ODjgp319, USING

buffer as a blank. Nucleosomes are typically concentrated to 2 uM-50 uM

ing on the experimental constraints; 2-7 uM is adequate for most

5C

ical studies, whereas higher concentrations are often needed for

U

structural studies. If sample is too concentrated for experiments, use elution

o dilute to desired concentration range.

afl

uggested target volumes for concentrating are meant as rough guidelines

routine purifications, and can differ for individual preparations and

ental needs (e.g. single molecule vs cryo-EM).

Vi

ucleosome samples should be concentrated immediately after pooling peak

[

s and not left diluted overnight. For concentrations under 1-2 uM,

O

ion of 0.1 mg/ml BSA (Cy) can help stabilize nucleosomes. If freezing

n

ome samples (see next step), and in order to not waste sample, take only

|

a single concentration measurement of the nucleosome sample to ensure a good

U

tration range has been reached, since addition of glycerol for freezing

p 25) will require a further concentration reading(s). We store all of our

A
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nucleosomes frozen. If stored on ice, nucleosomes should be used within a couple

of weeks.

25. Frg @ ified samples.

m stamsi@re DNA samples at -20°C.

ol

h nucleosome samples, add 100% sterile-filtered glycerol to a final
centration of 20%. To aid pipetting 100% glycerol, cut off the bottom third

offa sterile yellow tip (p200) using a sterile razor blade. Mix the glycerol

jtly and thoroughly throughout the sample.

e Aliguot 6-10 pl of purified nucleosome into prechilled 0.6 ml microcentrifuge

SC

Ges (onice), and flash freeze in liquid nitrogen. Store at -80°C.

>

i the volume change from glycerol addition, we typically remeasure

leosome concentration after thawing to obtain an accurate final reading.

omes are routinely frozen one day after nucleosome purification. When

\

~

[

hawing an aliquot for use, nucleosomes are generally only used for that day’s

iments and not refrozen.

BASIC PRQLT 3: Nucleosome reconstitution via linear gradient salt dialysis

tho

Using purified DNA and refolded histones, nucleosome reconstitutions by linear gradient

Gl

salt dialysis been well described (Luger et al., 1999; Dyer et al., 2004). We present it

A

here for of convenience to the reader, as it is a necessary step between PCR
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production (and purification) of DNA and nucleosome purification. This method begins by

mixing DNA and histone octamer in 2 M salt buffer, and allowing DNA and histones to form

{

stable assggiaigns by slow reduction in salt concentration through salt gradient dialysis.

During di r alt concentration is slowly lowered through the introduction of a low
N

salt buf and concurrent removal of the high salt/low salt mixture. Buffer

exchangeffemoval is achieved with a dual channel peristaltic pump, such that one tubing

C

introduce It buffer into the beaker containing the nucleosome sample, whereas the

S

other removes the high salt/low salt mixture to a waste container (Figure 7). As the salt

concentragi

3y

educed, the histone tetramer first deposits on DNA, followed by the

histone dimers (Hansen et al.,, 1991; Andrews & Luger, 2011), ultimately resulting in a

)

characteri handed supercoil wrapping of DNA into a nucleosome. When the volume

d

of the initiaf DN/ histone mixture is greater than ~2.5 ml (assuming a starting concentration

of ~6 uM orresponding to >15 nmol DNA, or >2 mg of a 225 bp fragment, here

IV

consid cale), a standard dialysis bag is used during gradient dialysis. For smaller

volumes, @icrofuge caps are used as dialysis buttons, each holding ~150 pul of the sample.

[

This prot¢ uires purified histone octamer and dimer, which can be produced as

previously, ed (See Strategic Planning and (Luger et al., 1999; Dyer et al., 2004)).

When nes from certain species, such as Xenopus laevis, it is not uncommon to

th

obtain h s as well as nucleosomes, even when starting with purified histone

U

octamers osky et al., 2016). To reduce hexasome formation, some researchers add

excess d H2B when refolding histone octamers (Shahian & Narlikar, 2012). In this

A
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protocol, excess H2A/H2B dimer is included during the nucleosome reconstitution stage to

minimize hexasomes, as previously recommended by others (Gaykalova et al., 2009).

[*Figure 7 @

] .
After the step of this protocol, the user should have a concentrated nucleosome sample

{

-

e]

£

that cant urified following Basic Protocol 2.

G

Materials

S

RB-High, 1L (see Reagents and Solutions)

U

RB-Low, 2 or 3 L (see Reagents and Solutions)

1

Purified D onucleosome-sized fragment (Basic Protocols 1 and 2)

Histone o¢ta urified (50-200 uM)

dl

Histon dimer, purified (~200 uM)

Milli-Q-fil ter

WA

1 M Tris-HCl, pH 7.5, 0.22 um filtered, 1L (Sigma #T1503)
4 M KCl, iltered, 50ml (Sigma #P3911)

500 mM BD 8.0, 0.22 um filtered, 500ml (Sigma #E9884)

6l

500 mM a #D9163)

h

t

10 mg/ml Bovine serum albumin (BSA)

Graduate

U

ers (500 mland 2 L)

For sm le (<2.5 ml) nucleosome reconstitutions:

A

e 1.5 ml microfuge tubes
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e Razor blade

e Bupsen birner

For large- .5 ml) nucleosome reconstitutions:
Di

e

Dialysis tWbing, 35 kDa or 6-8 kDa MWCO (e.g. Spectra/Por 6-8kDa MWCO #132655 or

SpectrmSkDa MWCO #132724)
Glass bea mland2Lor1Land3L)
Peristalticﬁith two channels (e.g. Gilson Minipuls 3)
Tubing foEtaltic pump
Tygon tubm

Tube fittings

Serological plé plastic, 2 ml
Ring st

Stir pIate/Sir bar

Protocol StQ
Prepar@r nucleosome reconstitution

-

1. Mﬁigh and RB-Low buffers on the day of the reconstitution (see Reagents
o}

an ns).

econstitution < 10 ml, prepare 400 ml of RB-High buffer and 1 L of RB-Low

buffer.
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e For>10ml, prepare 1 L of RB High buffer and 3 L of RB Low buffer.

wffers to beakers and place in cold room.

If jpate having 1.5 — 2.5 ml of starting DNA/histone mixture, which would

P

[ |
reglre > !0 dialysis caps (step 5), transfer the 400 ml of RB-High buffer into a larger

beU) to give more room.

Alt e increase the volume of reconstitution buffers for > 10 ml reconstitutions,
Luger and Richmond use 400 ml RB-High buffer for large- and small-scale
re:ions (Luger et al., 1999; Dyer et al., 2004).

2. Se peristaltic pump and buffers as shown in Figure 7.

Prepare samE:r nucleosome reconstitution
3. Determine the amount of purified DNA (from Basic Protocol 2) to be used in the

nuLe reconstitution. If not done previously, measure the DNA concentration

us @ rctrophotometer. Using water as a blank, measure the concentration of a

10 0-fold dilution of a purified DNA stock. For duplex DNA, use an Ajgo310 =
.Q.to corgespond to 50 pg/ml.

DNA is tymically the more limiting reagent and, therefore, the amount of DNA used
will ine how much histone octamer is required and the volume of the

re itution.
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4. Calculate the volume of the nucleosome reconstitution based on amount of DNA:

a. Calculate the molecular weight (MW) of the DNA fragment.

{

DNA MW (Da) = # bp x 650 Da/bp

onvert the concentration of DNA in ug/ml to uM.

¥

e.g., for a 100,000 Da MW, 100 ug/ml =1 uM

c. YAsSuming that all of the DNA is used for a 6 uM reconstitution, calculate the

$C

| volume of reconstitution:

U

al reconstitution = (Volumepyrified bna) X (Concentrationpyrified ona)/(6 LM)

r 450 ul of a purified DNA sample at 17 uM, the total reconstitution

dli

oltfrie would be 1275 ul.

B olume of reconstitution, determine volume of histone octamer and dimer

0

stocks to use, assuming a final concentration of 5.95 uM histone octamer and 1.8

] dimer.

or

e.gy a total reconstitution volume of 1275 ul would require 40.4 ul of a 188 uM purified

h

hisgone octmmer sample, and 11.5 ul of a 200 uM purified histone dimer sample.

{

U

Ba total reconstitution volume of sample, determine whether the

itution will be carried out with dialysis tubing (>2.5 ml) or using

microcentrifuge caps as dialysis buttons (<2.5 ml) (Vary et al., 2004). Each cap holds
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< 150-160 pl. Prepare micro-dialysis buttons by cutting the caps of the tubes off

using scissors. Then, using a hot razor blade (held with forceps over a Bunsen

{

bur, ice off the top ~0.5 cm of the 1.5 ml microfuge tubes (described by Vary et
al.} “IMs top portion will serve as a ring to fasten the membrane to the cap.
N

Fofsmaller reconstitutions, caps made from 0.6 ml tubes may be used instead.

Cu plastic tubes with a hot razor blade produces fumes, so this step should

befdo a hood. Prepare a few extra caps then needed in case one of the rings

~
v
o

nuse

is membrane in ultrapure water. If using caps, use scissors to cut open the
dialysis tubing so it is a flat sheet. Cut dialysis membranes into ~2.5 cm x 2.5 cm

e for each cap, and leave in ultrapure water until needed.

oo

Ma

ate the volumes of buffer components needed for nucleosome reconstitution

e concentrations given in Table 2.

9. Pipette components in Table 2, in the order listed, into a 1.5 ml — 15 ml tube. Prior

to a ion of histones, vortex the sample. Add histone octamer and dimer to the

Of

re ion, and gently and thoroughly mix.

10. Sef{up samples for dialysis

g

smaller reconstitutions (< 2.5 ml total volume), place caps to be used for

ralysis on clean benchtop. Working with 3-4 caps at a time and using a

Wt

0, pipette ~150 pl into each cap (final cap will have less volume). Then,

mediately lay a square of dialysis membrane over the cap containing the

A
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reconstitution sample. Immediately seal the dialysis tubing to the cap using

the top sliced-off portion of the tube. Place each filled cap in an ice bucket

{

ith the dialysis membrane facing up) while preparing remaining caps. Trim

s tubing if too large.

For larger reconstitutions (> 2.5 ml total volume), transfer sample to dialysis

tuBing, using plastic clips to seal the bag. Attach float buoy to one end.

G

[* Tab edr here]

Perfor, salt gradient dialysis

NuUs

11. Tr ps or dialysis bags containing reconstitution sample for linear gradient

d

dialysist0 a beaker containing RB-High buffer, pre-chilled in the cold room. Place the

beaker, with dialysis membrane face down. Keep stir plate on a low

%r 01
Q)
-c
w

s not to disturb the caps, but allowing sufficient mixing of buffer.

12. PoSition the tubing into the beaker for linear gradient dialysis. Start peristaltic pump

[

at 1.2-1.5 ml/min. Reconstitutions are typically completed in ~24 hours.

Q

Fo cale reconstitutions (1 L of RB High and 3L of Rb Low), use a 1.5 ml/min

ow rate, which may take ~33 hours.

!

13. Upon completion of dialysis, transfer the reconstitution sample to a beaker with RB

U

Zero | — 1 L depending on size of reconstitution; see recipe). Allow to dialyze
ov or for a minimum of 3-5 hours.
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We typically time the reconstitution such that the nucleosome purification can be

carried out the day after gradient dialysis is finished.

14. RpIe from dialysis. If using caps, first gently dab the outside of the

ihembiaae with a Kimwipe to remove any buffer (Vary et al, 2004). Then, using a
pzh a sterile tip, pierce the membrane and transfer sample to a fresh

mi tube.

C

15.C trate the nucleosome sample in an Amicon 10 kDa MWCO spin concentrator

$

at duce volume to recommended load volumes (Basic Protocol 2, step 17).

U

Ad o W/V sucrose to a final concentration of 6%. Mix gently and thoroughly. If

th ir bubbles, give a brief spin in a cold room microfuge.

1

16. Conti % 0 nucleosome purification in Basic Protocol 2.

a

REAGE LUTIONS:

30% Acrylakhi is-acrylamide (60:1) gel solution, 200 m|

60 g acryla @ )-Rad #161-0101)

1 g of bis-ac ide (Bio-Rad #161-0201)

1

ho

|

Add acr owder to a 250 ml beaker containing 50 ml of purified water. Add water to bring

closer to appropriate volume. Once dissolved, transfer to a graduated cylinder and fill to 200 ml with

U

water.

Filter (0.2 en vacuum degas for 30 min.

A

Store in a foil-wrapped bottle at 4°C for up to 6-8 months.
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CAUTION: Acrylamide is toxic. Wear gloves and a lab coat when working with acrylamide solutions,

and additionally wear a mask when working with acrylamide powder.

{

7% acryla tion, 50 ml (for four native PAGE gels for analyzing fractions)
11.7 mI"0f 30% (60: ) acrylamide:bis-acrylamide gel solution

2.5 ml 10x TBE

35.8 ml of water

SCI4

Prepare fr cuum degas for 20 min prior to polymerization.

U

To polym peadd 500 pl 10% APS, swirl, and then 50 pl TEMED; mix thoroughly by swirling.

Immediately pour gels and let set for a minimum of three hours at room temperature before use.

[

CAUTION: e is toxic. Wear gloves and a lab coat when working with acrylamide solutions.

d

1.5% agar 200ml

3.0ga ad #16500500)

M

200 ml 1x TBE

or

Mix all reag @ d then microwave until agarose is fully dissolved. Add 200 pl of 1 mg/ml ethidium
bromide a o mix. Pour into gel tray in a hood. Immediately place comb, and remove any

bubbles using a clean pipette tip. Allow 45 minutes to solidify. Once ready, place tray in

th

electropho em and fill tank with 1x TBE until gel is just submerged. Carefully remove comb.

U

CAUTION: jglig® bromide is toxic. Wear gloves and a lab coat when handling solutions containing

ethidiu

A
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10% Ammonium Persulfate (APS), 1ml
Weigh out 100 mg of APS directly in a microfuge tube.

Add 1 ml o'ul ure water.

Vortex unt

PrepareQreiF, €ep on ice until use.

Butanol, w urated, 50 ml

25 ml 1-bugangl (Fi§her #A399-500)

SC

25 ml ultra er

Mix well, | te. Use top (butanol) layer for overlaying acrylamide columns.

NU

6x DNA lo er

300 mM Tri 7.8

d

60 mM ED

M

36% (v

0.12% (w/v) SDS

I

0.06% (w/v) Bromophenol Blue

0.06% (w/ @ Cyanol FF dye

Store at ro erature; good for several years.

tho

10 mM dN

U

We purch of dNTPs, 100 mM (250 pl) each (Thermo Fisher Scientific #10297018). Pipette

each 2 P into a 15 ml conical tube. Add 9 ml of Milli-Q water, then mix thoroughly by

A
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vortexing. Each [dNTP] will be 2.5 mM, equal to a total [dNTP] of 10 mM. Place on ice, and aliquot.

Store at -20°C for up to 6 months in a freezer that does not undergo freeze/thaw cycles.

pt

DNA EIlftiog Buffer. 500 mi

10 mM Tris-HClI, 7.5
1 mM EDT

Use Milli- r 0 bring up to final volume, mix, and filter (0.22 um).

$

Prepare th g of purification or the day before.

U

Histone H2A/H2B dimer, purified

[

Purify as d Luger et al., 1999; Dyer et al., 2004).

d

Determine pfo concentration using a spectrophotometer, with an extinction coefficient based on

the protein ces being used. Aliquot and flash freeze at a final concentration of ~200 uM in 10

]

mM Tri aCl, 1 mM EDTA, 5 mM B-mercaptoethanol, and 10% glycerol.

Store in -80°C.

Histone oc @ rified

Purify as d Luger et al., 1999; Dyer et al., 2004).

or

Determine protein concentration using a spectrophotometer, with an extinction coefficient based on

th

the protei es being used. Aliquot and flash freeze at a final concentration of 50-200 uM in

U

10 mM Tri NaCl, 1 mM EDTA, 5 mM B-mercaptoethanol, and 10% glycerol.

Store i

A

47

This article is protected by copyright. All rights reserved.



RB High (Luger et al., 1999), 400 mlor 1 L

10 mM Tris-HCl, pH 7.5

{

2 M KCI

1mMD$T_

Use Milli-Q wategto bring up to final volume.

Prepare on of nucleosome reconstitution.

SOOI

RB Low (L ,1999), 2Lor31L

U

10 mM Tri 7.5

200 MM K

N

1 mM EDT

d

1 mMDTT
Use Milli- o bring up to final volume.

of nucleosome reconstitution.

]

Prepar

(-

RB Zero (Luger et al., 1999), 400 ml — 1 L (nucleosome reconstitution) or 500 ml — 1 L (nucleosome

O

purificatio

Use Milli r to bring up to final volume, mix, then filter (0.22um).

Prepareuptol before, but add DTT just before use.
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40% Sucrose (w/v), 40 ml

Place 16 g of sucrose in a 50 ml conical tube, fill with Milli-Q water to just under 40 ml. Vortex until
sucroseHly dissolved. Transfer to a 50 ml graduated cylinder and bring volume up to 40 ml
with Milli- rile filter (0.22um) into sterile 50 ml conical tube.

Store aHF or up to 1 year. Sucrose can become contaminated, so always check for contamination

before usirb

10x TBE, 1
55 g Boric er #A73-500)
108 g Trizr;Sigma #T1503)
40 ml EDT!EH 8.0 (Sigma #E9884)
Dissolve in illi-Q water.
FilltollL wm/; water.
Autoclave.E

10x TBE can be prone to precipitation, however, this appears to be less likely if stored unopened for

several mon!Hs a! room temperature. Once opened the solution will be good for many months;

however, if precipitation occurs.

0.5x TBE,

Inallgra ylinder, add 950 ml Milli-Q water and 50 ml autoclaved 10x TBE.
Cover with and mix thoroughly.
Sterile fj 2 um) into 1 L bottles.

Store in cold rooM%or up to several months.
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0.25x TBE, 2 L
In a 2 L graduated cylinder, add 1950 ml cold Milli-Q water and 50 ml autoclaved 10x TBE.
Cover with"parafilm, mix thoroughly, and transfer to the cold room.

Prepare fr

rpt

10x ThermopPol er (NEB), 50 ml

G

200 mM Tr 8.8 @25°C

100 mM K

us

20mM M

1% (v/v) Triton X-100

[

Use Milli- bring up to final volume.

d

Sterile filter m) and aliquot into 1.5 ml microfuge tubes.

Store at - to one year (preferably in a non-freeze thaw freezer).

\Y

COMME RY

I

BACKGRO FORMATION:

0.

For the in v oduction of mononucleosomes consisting of a single sequence, DNA can

N

be ob er through digestion of plasmids harboring arrays of nucleosome

{

positioning sequences —usually carried out for large-scale applications like crystallography

U

(Dyer et ; Palmer et al.,, 1995)— or via PCR. Compared to large-scale plasmid

prepar enerating DNA via PCR is much faster and less laborious, since DNA derived

A

from plasmids réquires amplification of DNA in bacteria, plasmid purification, and then
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digestion with restriction enzymes to release the desired fragment. PCR is also much more

flexible than plasmid-based purifications, as changes to the sequence or DNA length often

only requir ifferent template and/or different primers. Another advantage of PCR-based
amplificat enerating DNA with functional groups on one or both ends (e.g. FAM,
N

Cy3, Cy5, Qiotin) simply requires using appropriately modified primers. Such modifications

f

are instrumentalfifor visualizing or manipulating nucleosomes or DNA in gel- or solution-

based procedures.
Primers also allow site-specific introduction of base modifications that can alter duplex DNA:
to create Eranded DNA gaps, uracils can be included in the primer sequence, which

can then @e site-specifically cleaved using the USER enzyme (NEB) (McKnight et al., 2011).

Single-str NA gaps have been used to reveal where chromatin remodelers act on
nucleosom (Schwanbeck et al., 2004; Saha et al., 2005; Zofall et al., 2006; McKnight
et al., 20117, jan et al., 2015). Single-stranded DNA gaps do not seem to interfere with
nucleo ation and, therefore, provide a useful tool for revealing where

nucleosonfie-interacting factors require integrity of one or both DNA strands for proper

recognitio@.

For in vitr, some reconstitution, histones can be deposited onto DNA either using
histon s such as Nap1 (Vary et al., 2004, Fujii-Nakata et al., 1992), or by shifting

o a low salt solution. The salt reduction can be accomplished stepwise

through dtt Lorch et al., 1987) or by linear gradient dialysis, where the initial high salt

dialysis q@ is continuously exchanged with lower salt buffer (Luger et al., 1999). In our

lab, we exclusively use linear gradient salt dialysis to reconstitute all nucleosomes.
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When reconstituted in vitro, mononucleosomes can occupy multiple positions on DNA, and
often are accomFanied by hexasomes and free DNA. Mononucleosomes can be purified
with one methodologies. One method is to bind nucleosomes to an ion-exchange
column (g [GE Healthcare] or TSKgel DEAE-5PW [Tosoh Bioscience]), allowing
H
separation§from free DNA and aggregates (Luger et al., 1999; McGinty et al., 2016). To our
knowledgg, ion-@kchange columns have not been documented to resolve nucleosomes at
distinct pagiti on DNA. Another common method is fractionating nucleosome species by
glycerol ome gradient centrifugation, in which the nucleosome sample is layered on
top of a Eand ultracentrifuged for about 18 hours (Phelan et al., 2000; Lee et al.,

1999; Kagdlwala et al., 2004). This method offers the advantage of simultaneously purifying
multiple mes in a single ultracentrifugation run, yet, in our opinion, does not
provide tm high degree of resolution in separating nucleosome species as another
common OE native acrylamide gel electrophoresis. This third method separates
nucleo species by electrophoresis through native acrylamide gels. In this method,
the desires products can either be excised and extracted from gel slices (O'Donohue et al.,

1994; Pen 999; Langst et al., 1999), or collected as they elute off the end of a gel

column, us MiniPrep or Prep Cell, as described here. Native acrylamide gels offer

excelleﬁm in separating mononucleosome species with different positions of the

histoneMDNA (Meersseman et al., 1992). The MiniPrep/Prep Cell systems are quite

versatile, handligg a range of load amounts, where a single purification can yield ample

materi@ple types of biochemical and biophysical experiments. We have used these
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systems to purify DNA and mononucleosomes of varying DNA lengths (145-245 bp), distinct

placements of the histone core, and different nucleosome positioning sequences.

O
crimicAl @TERS:

When setfing upfthe MiniPrep Cell/Prep Cell for purification, two important parameters to

C

consider mvolume and gel height. In general, keeping the load volumes as low as

possible, so that the band entering the gel is < 1 mm, will help in achieving maximum

separationing the height of the gel column will also aid in the separation of

unwantec!species, however, there is a trade-off in the time required to complete the
purificatio igration behaviors of nucleosome/DNA species observed by native PAGE

will parallel*t on the MiniPrep Cell/Prep Cell and, therefore, one should consider what
migration ra%j alternative products might be expected from the nucleosome construct.
For a nucleosome, we often pour a 5 cm Prep Cell column for a centered 40N40
nucleosors, but for an end-positioned 80NO nucleosome, we might use a 6.0-6.5 cm

column. F@purifications, where fewer closely migrating species are expected, a 5 cm

columniso sufficient. Also, increasing the flow rate of the elution buffer up to 1 ml/min

for theﬁ can also increase separation to some degree, but will also dilute the

fractions#a greater extent.

-

<
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TROUBLESHOOTING:

N
1) Undewoducts or smearing of PCR product. Possible causes include: (i)

concentraflion offiTaq is too high, (ii) the plasmid DNA template is impure, (iii) the Taq or

G

primer stmntaminated (e.g. with another template or primer), (vi) there is an issue

with the primer design. Running control reactions by titrating Tag and MgSQ,, as well as
checking mponents with a different plasmid or Taq prep, can be helpful in

pinpointing problems.

2) Poor Yiel om PCR. Yields lower than expected can arise from various sources.

Insuffiqi of components in PCR master mix is not uncommon. To identify the
issue, per st reactions, titrating one component while keeping the others constant.
Recommended components to titrate include Taq, MgSO,4, DNA template, and primers.

Perform cheactions by testing components with other templates, primers, and Taq.

Repeated @ and thawing of dNTPs may lead to lower vyields. If possible, check sample

in anothe cycler to rule out issues with a particular PCR machine. While users may
check the theoretical annealing temperature, we have found that annealing temperatures

of 55°Cg ork well for primers that are 28-30 bases in length.
Basic Protocol 2*W1iniPrep/Prep Cell purifications of nucleosomes and DNA
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1) Uneven bands. During purification over the MiniPrep Cell/Prep Cell, fluorescently-labeled

nucleosome and free DNA separate into individual bands over the course of the run.

{

Hexasome pear as a distinct third band that migrates between the two, just ahead of
the nucle . These bands should be flat, not wavy or deformed. Uneven bands
N

can be dUg to trapped air pockets present during pouring/polymerization, which can be

avoided (@n subsequent runs) by vacuum degassing acrylamide solutions and tapping

C

column togdi e air bubbles after pouring. For the Prep Cell system, wavy bands may

S

also be caused Tfrom a temperature gradient over the gel. Running the system in the cold

room in

U

on with buffer recirculation through the cooling core and lower buffer

chamber should keep temperatures uniform across the gel.

f

2) Poor pon of nucleosome from other reconstituted products. To maximize

dl

separati n different species, make sure load volumes are kept low, such that the
volume cang read over the entire surface of the column. Overloading of sample can be
avoided by splitting sample into multiple runs or switching to a wider diameter column if
possible. hd separation can also be achieved by making a taller gel column. We

generally @ optimization within a 5-7 cm gel height to be sufficient. Another option is

to increa ow rate of the elution buffer to upper end of recommendations (100

pl/min p Cell and 1 ml/min for Prep Cell).

3) High vo!tag5during the MiniPrep Cell/Prep Cell run. In our experience, the most

common rea or high voltage when using the MiniPrep Cell is a clogged elution frit,
which wi sitate replacement. To avoid this, filter and vacuum degas running buffer
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solutions of 0.5x TBE. Always keep frits wet and stored along with the dialysis membrane at

4°C in 0.5x TBE. A simple reason for high voltage can be misalignment of upper and lower

portions o ep Cell, so first check to see if this is the cause. High voltage can also be a
sign of tr at was not adequately purged from the base of the gel column/elution
N

chamber.SsamEIe has not yet been loaded, disassembly and reassembly of the system may

help solvél'the pfoblem. Another possible cause can be improperly made gel solutions or

running bm

4) Loss 03. Sample loss is uncommon, but one possibility is for the load to travel

C

down the side of the gel column due to an air gap between the top of the acrylamide gel

and eithe | column or cooling core. To prevent this, handle the gel column gently
during setlip when attaching tubing to the cooling core. Another possibility for sample
loss co ked elution tubing of the MiniPrep Cell, at the point of attachment to the
bottomEpport frit. Sample loss could also result from using a perforated dialysis

membrane (6 kDa MWCO), as the membrane retains molecules above 6 kDa from escaping

into the Ichfer chamber.

BLiCP&Iucleosome Reconstitution

1) Loss o; in dialysis. If using microfuge caps as dialysis vessels, sample loss can
occur by i ently ripping the membrane when placing the ring onto the microfuge cap.

This wi be evident until samples are retrieved at the end of the reconstitution. To

avoid loss of sample, attach ring to cap by placing it on at an angle. The dialysis membrane is
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more likely to rip if the ring is pushed straight down on the cap. To avoid loss of sample from

a dialysis bag, always clip one end and test by temporarily filling with ultrapure water. Hold

tubing forQwiod to ensure there are no leaks before placing sample in bag.

2) Largg ameunts of free DNA or higher aggregate species. Remeasure DNA and histone

stocks be&d in the reconstitution. For determining octamer concentration, use

¥

recomme avelength and extinction coefficients for histones pertaining to the
particularfspg€ie§ (Luger et al., 1999; Dyer et al., 2004; Klinker et al., 2014). If histone
concentra:e much lower than expected, significant amounts of free DNA will be

observed; If higher than expected, higher order species/aggregates will be observed.

Fl

Titrations and histones can help alleviate these issues (Luger et al., 1999; Dyer et al.,

2004).

3) Issu the pump. If the pump stops during the gradient dialysis, restart from where

it left ith a dual-head pump, the flow rates of the two sets of tubing can be

hMa

different. This can be due to differences in wear or different tension between each tubing
and pump difficult to control, ensure that the tubing with the slower rate is the one

adding RB ensure that the main beaker does not overflow. Also, position the tubing

Of

that remo¥es buffer from the main beaker close to the surface, so that a constant volume is

g

mainta

Aut
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ANTICIRAJEDRESULTS:

Using Xe@nes and the Widom 601 positioning sequence, nucleosomes can be

made a-nfEngle run on the MiniPrep/Prep Cell, purified in amounts ranging from 100
picomolesg® 1@s of nanomoles. Although molecular weight markers are not typically used
with nat%m'de gels, purified nucleosomes can be inferred from slower migration
compare naked DNA (Figures 1 and 2). Nucleosomes can also be evaluated for their
histone co@ SDS-PAGE analysis. Although the Widom 601 sequence produces few off-
product me species, nucleosome preparations may also contain significant

amounts of hexasomes if histone ratios are off. However, nucleosomes and hexasomes can

still be com separated using the MiniPrep/Prep Cell systems (Figure 2B). Based on our
experi th a 601 variant that produces a distribution of nucleosome positions, even
closely ing species can be separated, though yields from reconstitutions are much

lower (Figure 2C). Yields tend to range from 38-55% when using the canonical Widom 601.

L

Nucleosome: :roduced and purified using these protocols should be of sufficient quality for

crystallog uger et al., 1997), high-resolution footprinting (Schwanbeck et al., 2004),

site-specific cross-linking (Nodelman et al., 2017), nucleosome sliding and binding assays

h

CKnli , Single-molecule apbantsev et al., , an cryo-
(McKni 2011), single-molecule FRET (Sab ., 2019), and EM

(Matsumoto et 2019).

Ul
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TIME CQNSIDERATIONS:

The enti

P

re described here — starting with PCR and ending with purified

nucleos‘orgs = !akes roughly four to five days.

Basic Proti©col 1BA single run of PCR (typically 10 ml) takes 4 hr: PCR setup (45 min); PCR

G

program ; pooling PCR sample/concentrating PCR reaction (1 hr).

Basic Pro DNA purifications can be completed within 6 hr, whereas nucleosome

us

purifications typically take 11-12 hr.

Specifical

Man

DNA purification: Setup of apparatus/pre-run/concentration of sample (1-1.5 hr); passage

[

through the Cell (3 hr); loading and running fractions on agarose gel (45 min); pooling

and conce (45 min).

O

Nucle

1

ication: Setup and pre-run of apparatus/concentration of sample (1-1.5

hr); passage through the Prep Cell (6-9 hr); loading and running fractions on native gels (2

Ut

hr); scannj in); pooling and concentrating (1 hr).

A
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Setup of the Prep Cell is more involved than the MiniPrep Cell, and for first time users, we

recommend practicing the steps involved in setting it up before the day of a nucleosome

pu rificatioQ

Basic RgotecelsdigNucleosome reconstitutions require 1.5 to 2 days: Setup of buffers and

I

nucleoso stitution sample (2 hr); linear gradient dialysis (24 hr); dialysis into Rb-

Zero (3 hr ight).

C

Since DN rifications can be completed in half a day, it is possible to do PCR in the

S

morning, purify the DNA in the afternoon, and setup a nucleosome reconstitution in the

evening. way to increase time efficiency is to purify two different nucleosome or

114

DNA samples in parallel on two Prep Cell systems. Given the long day required for

nucleoso cations, it is prudent to work as efficiently as possible by using downtime

d

to pre r later steps. For example: set up the MiniPrep Cell/Prep Cell the morning of

the pu ile samples are concentrating; pour gels for fraction analysis immediately

M

after loading sample onto gel column; and begin preparing and running the first three gels
for analyzing_fractions as soon as enough samples are available. It is helpful to have a

dedicated

Of

ringes with attached tubing ready for both pouring gel columns and setup

for the iPrep/Prep Cell. Also, retrieving samples from RB Zero dialysis the day before

g

purific aving on ice overnight will save time.

{

U

Also, an i t time consideration is the sample run time on the MiniPrep/Prep Cell

systems rking with a centered nucleosome (e.g. 40N40), the run time will be

A

significantly [of@er compared to a related end-positioned nucleosome (ON80) run on a

60

This article is protected by copyright. All rights reserved.



column of the same gel height. For a canonical 601 sequence, where the major product

should be greatli enriched, a 5-5.5 cm gel height is usually sufficient for the Prep Cell

system; a i column can add time to the day without added gain in separation. If
working ing sequences that give rise to other significant species, a higher 6-7
N

cm cquis often helpful.
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Luger et al. . An essential resource for nucleosome production. Describes the expression

SC

and purifisaffom®of recombinant histones, refolding and purification of histone octamer,

reconstitution offhucleosomes using linear gradient salt dialysis, and purification using the

H

Bio-Rad 1 Prep Cell or a DEAE ion-exchange column.

an

Dyer e Updates and extends methods described in (Luger et al., 1999). Includes

protocol eating and purifying DNA arrays of nucleosome positioning sequences,

M

histone expression and purification, refolding and purification of histone octamer,

I

nucleoso stitution, and nucleosome purification using the Bio-Rad Model 491 Prep

Cell.
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INTERWCES:

MiniPrep @ﬁon Manual (catalog number 170-2908). Available at http://www.bio-

rad.cor#/\ggroo!/web/pdf/lsr/literature/4006032.pdf

Model 1 rep  Cell |Instruction Manual. Available at http://www.bio-

SC

rad.com/ web/pdf/Isr/literature/M1702925.pdf

nu

Acrylamide Polymerization: A Practical Approach (Bio-Rad Tech Note 1156). Available at

>
—
—

Author M&

d.com/webroot/web/pdf/Isr/literature/Bulletin 1156.pdf
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FIGURE LEGENDS:

Figure 1. e of nucleosome purification results using the MiniPrep Cell. Shown

(numbegeg)maiemiractions resolved on 7% native acrylamide gels, scanned for Cy5 on a
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Figure 2. Examples of nucleosome purification results using the Prep Cell. Panels (A) and (B)

show purifications using the 28 mm diameter column, and (C) and (D) show the elution

{

profiles fr 37 mm diameter column. All fractions (hnumbered) were resolved on 7%
native ac Is, and either detected using a fluorophore (FAM for panels A and C,
N

and Cy5 fag B) using a Typhoon5 Imager, or stained with ethidium bromide and imaged on a

UV box (. In p@nel (B), the reconstitution used a mixture of purified histone dimer and

C

tetramer (gat han histone octamer), with a reduced amount of H2A/H2B dimer to obtain

S

both hexasome and nucleosome from a single prep. In panel (C), the nucleosome
positioninmce was a variant of the canonical Widom 601, containing a 1 bp insertion
on the Tbgich side, 21 bp from the nucleosome dyad (Winger et al., 2018). This sequence

change dims the strong positioning of the Widom 601, giving rise to several distinctly

positioned S.
A e Ta"a"n"n™n ™0 "e"u s Ta"u"a e, mA

Figure 2
Nodelman, 2020
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Figure 3. Schematic diagrams of the MiniPrep Cell and Prep Cell, indicating the flow of

buffer and samples (reproduced with permission from Bio-Rad).

Figure 3
Modelman, 2020
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Figure WN of the Prep Cell. (A) Setup for polymerization of acrylamide gel, with

buffer rehrough a central cooling core. (B) Key equipment used for purification:

(1) Prepy; Gellm@@@aratus; (2) recirculation pump; (3) peristaltic pump; (4) fraction collector;

(5) powerhThe MiniPrep Cell has the same setup but without the recirculation pump.

Figure 4
Modelman, 2020
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Figure 5. Overview of MiniPrep Cell assembly. (A) Parafilmed gel column after initiation of acrylamide gel polymerization
and layering of butanol. (B) Polymerized acrylamide gel in glass column, after attachment to the elution manifold top. After
gentle bu“ing of gel top to remove butanol, this portion is briefly set aside while the elution manifold base is
prepared. (C the dialysis membrane and then the support frit to elution manifold base, using a syringe to
introduce elu r each addition. (E, F) Attaching the elution manifold top onto the elution manifold base. Align
the plastic-scme manifold top with the holes in the manifold base. (G) After attachment, air bubbles should be
removed by wh elution buffer using the attached syringe. After inserting gel column into the upper assembly (H),
electrophore< buffer’hould be added to the lower chamber to a volume that covers the height of the acrylamide gel

column (1) andghe ed to the center reservoir of the upper chamber assembly (J). (K) Addition of elution buffer to outer

chamber. (L) S bled MiniPrep Cell, ready for pre-running in the cold room.

g e g SN L B Sk M S
P

Figure 5
Modelman, 2020
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Figure 6. Purging air bubbles from the elution chamber of the Prep Cell. White arrows

indicate the direction of buffer flow. Dashed arrows indicate paths for air bubble removal.
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Figure 7. Schematic diagram of a nucleosome reconstitution setup.

Figure 7
Modelman, 2020
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TABLES:

Table 1. Concentrations and volumes of reagents for PCR reactions.

CW Final concentration Single test reactions Master mix

Ultrap @ - 63-65 6300 pl **
10x Thermopol Buffer 1x 10 pl 1ml

I I

100 mM(MgS0O, 0,1,2mM 0,1,2ul 200pl **
100 :g@ 2 ng/ul 2 ul 200l
100 pM primer ard 1um 1l 100 pl
100 pM prmse 1uM 1l 100 ul
10 mmd e 200 uM 20 ul 2 ml
Taq polymﬂx) 1x 1l 100 pl
100ul 10ml

N

**We typically use 2 mM MgSQO,,

If diff

d

Table 2. ations of reagents needed for a nucleosome reconstitution.

Comp

M

Final concentration

Purified DNA

6 uM*

I

Ultrapure Add to reach final volume
WO v

1 M Tris-H 5 10 mM

500 m!ﬁ 8.0 1mM

500 ml\# 1mM

Histone Dimer 1.8 uM
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but have occasionally needed to adjust this parameter.
ounts are used, be sure to adjust amount of water accordingly.



