
ll
OPEN ACCESS
Protocol
Rapid and inexpensive preparation of
genome-wide nucleosome footprints from
model and non-model organisms
Laura E. McKnight,

Johnathan G.

Crandall, Thomas B.

Bailey, ..., Scott D.

Hansen, Eric U.

Selker, Jeffrey N.

McKnight

lmcknigh@uoregon.edu

Highlights

A fast way to prepare

micrococcal nuclease

nucleosome

footprints for MNase-

seq

Eliminates use of

phenol and

chloroform and

reduces the amount

of cells required

Adaptable for a

variety of organisms
MNase-seq is used to map nucleosome positions in eukaryotic genomes to study the relationship

between chromatin structure and DNA-dependent processes. Current protocols require at least

two days to isolate nucleosome-protected DNA fragments. We have developed a streamlined

protocol for S. cerevisiae and other fungi which takes only three hours. Modified protocols were

developed for wild fungi and mammalian cells. This method for rapidly producing sequencing-

ready nucleosome footprints from several organisms makes MNase-seq faster and easier, with

less chemical waste.
McKnight et al., STAR

Protocols 2, 100486

June 18, 2021 ª 2021 The

Author(s).

https://doi.org/10.1016/

j.xpro.2021.100486

mailto:lmcknigh@uoregon.edu
https://doi.org/10.1016/j.xpro.2021.100486
https://doi.org/10.1016/j.xpro.2021.100486
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xpro.2021.100486&domain=pdf


Protocol

Rapid and inexpensive preparation of genome-wide
nucleosome footprints from model and non-model
organisms

Laura E. McKnight,1,2,3,* Johnathan G. Crandall,1 Thomas B. Bailey,1 Orion G.B. Banks,1

Kona N. Orlandi,1 Vi N. Truong,1 Drake A. Donovan,1 Grace L. Waddell,1 Elizabeth T. Wiles,1

Scott D. Hansen,1 Eric U. Selker,1 and Jeffrey N. McKnight1

1Institute of Molecular Biology, University of Oregon, Eugene, OR 97403, USA

2Technical contact

3Lead contact

*Correspondence: lmcknigh@uoregon.edu
https://doi.org/10.1016/j.xpro.2021.100486

SUMMARY

MNase-seq (micrococcal nuclease sequencing) is used to map nucleosome posi-
tions in eukaryotic genomes to study the relationship between chromatin struc-
ture and DNA-dependent processes. Current protocols require at least two days
to isolate nucleosome-protected DNA fragments. We have developed a stream-
lined protocol for S. cerevisiae and other fungi which takes only three hours.
Modified protocols were developed for wild fungi and mammalian cells. This
method for rapidly producing sequencing-ready nucleosome footprints from
several organisms makes MNase-seq faster and easier, with less chemical waste.

BEFORE YOU BEGIN

Timing: [0.5–2 h]

Here, we describe the protocol for use in budding yeast in liquid culture, which was optimized from a

previously published protocol (Rodriguez et al, 2014). We have also adapted this streamlined pro-

tocol for use with S. cerevisiae growing on a plate, S. cerevisiae quiescent cells, S. pombe,N. crassa,

wild mushrooms, C. elegans, D. rerio fin cells, and mammalian cells. The key changes to adapt the

protocol to other cell stages or organisms are noted in the relevant step of the protocol.

1. If needed, prepare buffers (see materials and equipment for recipes).

a. The following stock solutions can be prepared ahead of time and stored for an extended

period at 25�C: 2M sorbitol, 1M Tris pH 7.5, 2.5M glycine, STOP buffer.

b. Stock solutions of Proteinase K (20mg/mL) and RNase A (10mg/mL) can be prepared ahead of

time and stored for an extended time at �20�C.
c. MNase (20 units/mL) and MNase digestion buffer can be aliquoted and stored long-term at

�80�C. We have observed that MNase aliquots are stable for at least a year, but have not

tested longer storage.

2. Ensure that the formaldehyde being used is less than 3 months old.

3. 2 days before the start of the experiment (day -2), streak the strain(s) of interest onto appropriate

selection plates and incubate at 30�C. Sick strains, or strains grown in synthetic medium, may take

longer to grow.
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Note: If isolating quiescent (Q) cells, you will need an additional 3 days before starting the

experiment, so cells need to be streaked out at least a week prior.

4. The day before the experiment (day -1), start an overnight culture of yeast in YPD or other appro-

priate media; grow at 30�C with shaking for 18–20 h.

Note: If isolating Q cells, start an overnight culture on day -4 or earlier, as the culture must

grow for at least 3 days to reach quiescence.

Note: If working from yeast on a plate, instead of an overnight culture, make a large patch

(1cm 3 3 cm) on a plate with appropriate selection if needed; sick strains may take up to

48 h to grow.

Preparing cell pellets

Timing: [3–5 h]

5. OnDay 0 (or Day 1, if proceeding directly to crosslinking) dilute an overnight culture of yeast to an

OD600 = 0.2–0.3 in 25 mL of YPD, or other appropriate media. Grow at 30�C with shaking, to an

OD600 = 0.8–1.

Note: For more slowly growing strains, a larger volume may be used and grown to a lower

OD600; ensure at least one doubling takes place before pelleting. The goal is to have 20

OD*mL of cells (i.e., 20ml of OD600 = 1, or 25ml of OD600 = 0.8).

6. Pellet 20 OD*mL of cells in a 50-mL conical tube at 30003g for 5 min.

Note: See Table 2 for information on input of different cell types.

7. Carefully remove supernatant. Resuspend pellet in 1 mL of deionized water and transfer to a 1.5-

mL microcentrifuge tube.

Optional: If time permits, you can proceed directly to the crosslinking protocol at this point

instead of pelleting, flash freezing and storing the cells ahead of time; there is a Pause Point

after crosslinking.

8. Pellet at 20,000 3 g for 1 minute in a microcentrifuge. Remove supernatant.

9. Flash freeze the pellet in liquid nitrogen and store it at �80�C. Samples are stable for at least 2 or

3 months at �80�C; we have not tested longer storage times.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

37% Formaldehyde Sigma-Aldrich Cat# 252549

Zymolyase (R) 100T AMS Bio Cat# 120493-1

Nuclease, micrococcal Worthington Biochemical Cat# LS004798

Exonuclease III New England Biolabs Cat# M0206S

RNase A Fisher BioReagents Cat# BP25391

Proteinase K Invitrogen Cat# AM2544

Quick CIP (calf intestinal phosphatase) New England Biolabs Cat# M0525L

(Continued on next page)

ll
OPEN ACCESS

2 STAR Protocols 2, 100486, June 18, 2021

Protocol



MATERIALS AND EQUIPMENT

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

MinElute PCR Purification Kit QIAGEN Cat# 28006

Ovation Ultralow System V2 NuGEN Cat# 0344NB-32

Quant-IT PicoGreen dsDNA Assay Kit Invitrogen Cat# P7589

Deposited data

Nucleosome positioning data (MNase-seq) from
S. cerevisiae (exponentially growing, quiescent,
solid patches), N. crassa, and S. pombe

This study GEO: GSE141676

Nucleosome positioning data (MNase-seq)
from S. cerevisiae W303

Donovan et al., 2019 SRA: SRX5086833

Nucleosome positioning data (MNase-seq)
from isw2 S. cerevisiae

McKnight et al., 2016 SRA: SRX1176421

Nucleosome positioning data (MNase-seq) from S. pombe Steglich et al., 2015 SRA: SRX554384

Nucleosome positioning data (MNase-seq) from S. pombe DeGennaro et al., 2013 SRA: SRX331943

Nucleosome positioning data (MNase-seq) from N. crassa Seymour et al., 2016 SRA: SRX1596291

Nucleosome positioning data (MNase-seq) from N. crassa Klocko et al., 2019 SRA: SRX2822417

Experimental models: organisms/strains

S. cerevisiae W303-1A Laboratory of Rodney Rothstein ATCC: 208352

Software and algorithms

Bowtie 2 Langmead and Salzberg, 2012 RRID:SCR_005476

Integrated Genome Browser Freese et al., 2016 RRID:SCR_011792

2M Sorbitol

Reagent Final concentration Add to 500 mL

Sorbitol 2 M 182.2 g

Deionized water Bring to 500 mL

After dissolving sorbitol in solution, sterile filter and store indefinitely at 25�C. Check periodically for contamination.

1M Tris pH 7.5

Reagent Final concentration Add to 500 mL

Tris base 1 M 60.5 g

Deionized water Bring to 500 mL

After dissolving Tris base in ~300 mL of water, adjust the pH to 7.5 with concentrated HCl. Then bring the volume to 500 mL,

and store indefinitely at 25�C.

2.5M Glycine

Reagent Final concentration Add to 500 mL

Glycine 2.5 M 93.8 g

Deionized water Bring to 500 mL

After dissolving glycine in solution, sterile filter and store indefinitely at 25�C. Check periodically for contamination.

STOP buffer

Reagent Final concentration Stock concentration Add to 10 mL

EDTA pH 8.0 50 mM 0.5 M 1 mL

EGTA pH 8.0 50 mM 0.5 M 1 mL

STOP Buffer can be stored indefinitely at 25�C.
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STEP-BY-STEP METHOD DETAILS

Prepare cross-linked cells

Timing: [20�30 min]

In this step, formaldehyde is used to capture interactions between DNA and nucleosomes. The

crosslinking reaction is then quenched by glycine. For yeast, cells are generally crosslinked with

formaldehyde to maintain nucleosome positions throughout the subsequent steps, though it has

been debated whether these crosslinks can efficiently trap nucleosome positions without intro-

ducing artifacts (Henikoff et al., 2011; Cole et al., 2012). It may be preferable to crosslink cells on

the same day as growth, though we have achieved good results with the method below. Due to nat-

ural variation in cells, we recommend performing the experiment on three biological replicates.

MNase-seq of mammalian cells does not require crosslinking.We performed experiments on the cell

line PLB-895 (Tucker et al., 1987) both with and without crosslinking and there was no noticeable dif-

ference in visualization of nucleosome footprints (Figure 6), though we recommend doing a side-by-

side comparison when working with a new cell type for the first time, if possible.

1. Thaw MNase digestion buffer on ice; you will need 100 mL per sample plus another 10 mL per 10

samples to dilute the ExoIII.

2. Resuspend cell pellet in 1 mL of deionized water.

Note: Crosslinking is optional for mammalian cells; if skipping this step, proceed directly to

step 8

3. Add 27 mL of 37% formaldehyde to a final concentration of 1%. Rotate end-over-end for 15 min at

25�C.

MNase digestion buffer

Reagent Final concentration Stock concentration Add to 100 mL

Sorbitol 1 M 2 M 50 mL

NaCl 50 mM 5 M 1 mL

Tris pH 7.5 10 mM 1 M 1 mL

MgCl2 5 mM 2 M 250 mL

CaCl2 1 mM 1 M 100 mL

NP-40 (or Igepal) 0.075% 10% v/v 740 mL

Spermidine 0.5 mM 250 mM 200 mL

Beta-mercaptoethanol 1 mM 1.43 M (1:10 dilution) 70 mL

Deionized water Bring to 100 mL total

MNase Digestion Buffer can be made ahead of time, aliquoted, and stored at �80�C indefinitely. We recommend 500 mL

aliquots.

Spheroplast buffer

Reagent Final concentration Stock concentration Add to 10 mL

Sorbitol 1 M 2 M 5 mL

Tris pH 7.5 50 mM 1 M

Beta-mercaptoethanol 5 mM 1.43 M (1:10 dilution) 35 mL

Zymolyase 2 mg/mL N/A 20 mg

Deionized water Bring to 10 mL total

Spheroplast buffer must be made fresh before use; 1 mL of buffer is needed per sample. Be sure to precisely measure the

desired amount of zymolyase for accuracy – it may be easier to weigh the zymolyase first and adjust the total volume of buffer

if necessary to get a final concentration of 2 mg/mL of zymolyase.
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a. While the cells are cross-linking, prepare spheroplast buffer; you will need 1 mL per sample

with 2 mg zymolyase per mL.

4. To quench the crosslinking reaction, add 50 mL of 2.5M glycine for a final concentration of

125 mM.

5. Pellet at 20,000 3 g for 1 minute in a microcentrifuge and remove supernatant carefully.

Pause point:At this point, cells can be flash frozen in liquid nitrogen and stored at�80�C. Sam-

ples are stable for at least 2 or 3 months at �80�C; we have not tested longer storage times.

Make spheroplasts and digest chromatin

Timing: [3�4 h]

In this step, the cell walls of fungi are broken and nuclei are permeabilized to allow micrococcal

nuclease (MNase) to access and digest extranucleosomal DNA. Permeabilization is required for

fungi but not for mammalian cells, C. elegans, or D. rerio; for non-fungal samples proceed directly

to step 8. [Troubleshooting Problem 1:]

After permeabilization, accessible regions of genomic DNA are digested byMNase, and the ends of

the resulting nucleosome fragments are trimmed by Exonuclease III to reduce variation in size, which

enables consistent, high-resolution identification of the nucleosome dyad at the center of the core

particle. [Troubleshooting Problem 2:]

Cellular RNA is removed, formaldehyde crosslinks are reversed, and protein is digested prior to

DNA purification. Finally, the residual 3’ phosphates (from MNase cleavage activity) are removed

prior to genomic library construction.

6. Resuspend the pellet of crosslinked cells (fresh or previously frozen) in 1 mL spheroplast buffer

plus 2 mg zymolyase to permeabilize the cell walls. Rotate at 25�C for 15 min.

a. While the sample incubates, dilute ExoIII 1:10 (from 100 U/mL stock) in MNase digestion

buffer; you will need 3 mL of diluted ExoIII per sample. Keep on ice.

b. Thaw MNase (3 mL per sample), RNase (3 mL per sample), and Proteinase K (10 mL per sample)

on ice.

Note: For yeast taken directly from a plate, increase spheroplasting incubation time to 30min.

For purified Q cells, spheroplast for 60 min and increase the amount of zymolyase to 10 mg.

7. Pulse-pellet (15 seconds at 20,000 3 g); carefully remove supernatant.

8. Add 100 mL digestion buffer + 3 mL MNase (20 U/mL; 60U total) + 3 mL ExoIII (10 U/mL). Incubate at

37�C for 10 min to digest chromatin.

Note: For yeast from a plate, use 1.5ml MNase. For Q cells, use 0.2ml MNase and incubate for

2–10 min (see troubleshooting 3 for more information on optimizing this protocol for Q cells).

CRITICAL: Exact timing of digestion across samples is essential for consistency. To achieve

an identical start time for digest, we recommend pipetting the MNase into the open lid of

the microcentrifuge tube, and then briefly spinning all the tubes down so that the enzyme

reaches each sample at precisely the same time.

9. Stop digestion with 12.5 mL STOP buffer.

Note:We have eliminated SDS from the STOP buffer and switched the order of the Proteinase

K and RNAse A steps in order to streamline the protocol. Traditionally, SDS was included in
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the STOP buffer and then Proteinase K was added (Rodriguez et al, 2014); both of these com-

ponents are used to break down protein in the sample, but they also inactivate RNAse, neces-

sitating an additional purification step before proceeding to the RNAse step. In our version,

EDTA and EGTA are sufficient to halt crosslinking, and no extra purification is needed.

10. Add 3 mL RNase A (10 mg/mL stock). Incubate at 42�C for 30 min.

11. Add 12.5 mL 10% SDS + 10 mL Proteinase K (20mg/mL stock) to digest protein and reverse cross-

links. Incubate at 65�C for 45 min.

Note: For uncrosslinked mammalian cells, the incubation time is reduced to 15 min

12. Add 700 mL Buffer PB (from Qiagen kit). Purify using a single Qiagen MinElute PCR column.

Follow protocol instructions, with the exception of the elution step. Elute with 12 mL 13 CutS-

mart buffer (NEB; diluted from 103 stock)

Note: For wild mushrooms, after adding Buffer PB centrifuge the sample for 2 min at 20,0003

g to further clear remaining cellular debris. Apply the supernatant to the MinElute column.

13. Add 1 mL Quick CIP. Incubate for 10 min at 37�C.
14. Add 7 mL Orange Loading Dye (NEB) and run the entire sample on a 2% agarose gel.

CRITICAL: The use of Orange Loading Dye and a 2% gel is required for visualization and

separation of the digested bands.

Note: Using a 7cm 3 10cm or 15cm 3 10cm TAE-agarose gel in TAE, it takes approximately

40 min at 100V to get proper separation of bands

15. Cut out the mononucleosome band, gel extract with a Qiagen MinElute column. Follow proto-

col instructions, with the exception of the elution step. Elute with 12 mL EB.

16. Quantify with PicoGreenor other preferredmethod; store at�80�C.DNA yield typically ranges from

10-50 ng total. This sample is now ready for preparing libraries; we use 5 ngof input with theOvation

UltralowLibrarySystemV2 (fromNuGEN), thoughwehavesuccessfully sequenced librariesprepared

from as little as 0.5 ng input. There are a variety of options for preparation of libraries, and this pro-

tocol can likely feed intowhateverpipelineyouarecurrentlyusing.Wehavenot testedhow longsam-

ples are stable at �80�C, but we usually prepare library samples within a month.

EXPECTED OUTCOMES

The first step toward validating the nucleosome footprints obtained using this protocol is assessing

the quality of the digests on agarose gel (Step 14). Figure 1 shows an example of well-digested DNA,

where bands are evident for the tri-, di-, and mono-nucleosomal fragments. Some variation is

acceptable, but over- or under-digested DNA may yield poor quality data (see troubleshooting,

Problem 2).

After preparing libraries from the S. cerevisiae samples obtained using our new rapid protocol and a

previously published protocol (Rodriguez et al., 2014), we sequenced them and analyzed the data

using our standard protocol (McKnight and Tsukiyama 2015; Donovan et al., 2019). We compared

our data to previously published datasets (Donovan et al., 2019; McKnight et al., 2016) for wild

type and isw2 yeast (Figure 2). We chose Isw2-deficient yeast because Isw2 is required for nucleo-

some shifts at specific target loci, which allows us to determine if our protocol can recapitulate

Isw2-specific nucleosome positions at transcription start sites. For all samples, nucleosome organi-

zation at transcription start sites (TSSs) displayed the stereotypical structure, with a nucleosome-

depleted region flanked by packed nucleosome arrays (Figure 2A). Comparison of nucleosome
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positions at Isw2 targets showed that nucleosomes were detected at strain-specific but not protocol-

specific locations (Figure 2B). Both the rapid protocol and the standard protocol recovered strain-

specific nucleosome positioning at Ume6 binding sites, a known Isw2-recruitment protein (Gold-

mark et al., 2000) across the genome (Figures 2C and 2D).

Figure 2. Rapid MNase can accurately map nucleosome positions in S. cerevisiae cells

(A) Nucleosome dyad signal at 4655 yeast transcription start sites (TSSs) are plotted for WT and isw2 nucleosomes

harvested using a standard or rapid protocol.

(B) Example Genome Browser image showing the standard method and rapid method can map Isw2-directed

nucleosome positions similar to published data sets at the RAD51 locus. Dashed lines indicate Isw2-positioned

nucleosomes.

(C) Nucleosome dyad signal at 202 intergenic Ume6 target sites showing rapid and standard MNase methods can

accurately identify global changes in nucleosome structure at an Isw2 recruitment motif.

(D) Genome Browser image showing all methods correctly identify Isw2-positioned nucleosomes at the MEI4-ACA1

locus, a Ume6 target site. Dashed lines indicate Ume6- and Isw2- positioned nucleosomes.

Figure 1. Sample gel showing properly digested nucleosome footprints

Agarose gel showing nucleosome footprints recovered from liquid culture of S. cerevisiae using the rapid MNase

protocol. (A) and (B) are replicates from the same WT yeast strain.

ll
OPEN ACCESS

STAR Protocols 2, 100486, June 18, 2021 7

Protocol



We also applied the rapid MNase protocol to purified quiescent cells (Allen et al., 2006), or Q cells.

As previously observed, quiescent yeast required longer spheroplasting with an increased amount

of zymolyase (McKnight et al., 2015) to compensate for a highly fortified cell wall (Li et al., 2015). We

also tested different amounts of time for the MNase digest (Figure 3A), as we found our Q cell pro-

tocol required more adjustments to get acceptable footprints, which were not entirely consistent

across samples of Q cells prepared on different days. We hypothesize that this is because isolation

of Q cells involves several steps and therefore produces more heterogeneous cell samples. For this

reason we recommend testing different MNase digest times and/or amounts of MNase when pro-

cessing Q cells to obtain properly-digested nucleosomes. We found that we could also reproducibly

recover nucleosome footprints from patches of yeast grown on agar plates, or ‘‘colony MNase’’ (Fig-

ure 3B) and the captured nucleosome positions accurately reflect nucleosome positioning across the

Figure 3. Rapid MNase can recover nucleosome footprints from isolated quiescent cells and yeast patches

(A) Representative gel showing nucleosome footprints recovered from purified quiescent cells using the rapid MNase

protocol.

(B) Representative gel (right) showing nucleosome footprints recovered from a fresh patch of yeast collected from

YPD-Agar (left).

(C) Nucleosome dyad signal at transcription start sites (TSSs) comparing standard and patch- recovered ‘‘colony’’

MNase footprints.

(D) Example Genome Browser image showing ‘‘colony’’ MNase footprints can accurately identify Isw2-directed

nucleosome positions at the ESC8 locus compared to the standard MNase protocol and published data sets.

(E) Nucleosome dyad signal at 202 intergenic Ume6 target sites showing ‘‘colony’’ MNase can accurately identify

global changes at an Isw2 recruitment motif.

(F) Genome Browser image showing colony MNase can similarly identify Isw2-positioned nucleosomes at the YIG1-

CSM4 locus, an example Ume6 target site. Dashed lines indicate Ume6- and Isw2-positioned nucleosomes.
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yeast genome (Figures 3C and 3D). Similar to liquid culture, the rapid colony MNase protocol can

also detect Isw2-specific nucleosome events genome-wide (Figures 3E and 3F). It is important to

note that colony MNase is not appropriate for all types of experiments, and researchers should

consider whether stationary or log-phase cells are more appropriate for their needs.

Without any protocol modifications, we were able to recover a well-defined and appropriately di-

gested nucleosome ladder from wild type S. pombe cells (Figure 4A). We compared our sequencing

data set with previously published MNase-seq data sets from S. pombe (DeGennaro et al., 2013;

Steglich et al., 2015). Genomic nucleosome dyad positions from samples prepared by the rapid

MNase protocol were the same as seen previously (Figure 4B). In addition, global nucleosome posi-

tioning at S. pombe TSSs was nearly identical across data sets (Figure 4C). We also performed the

rapid MNase protocol on crosslinked, germinated N. crassa (Figure 4D). Importantly, we verified

that the genomic nucleosome positions we obtained were similar to previously published N. crassa

data sets (Seymour et al., 2016; Klocko et al., 2019) (Figure 4E).

Table 1 summarizes some of the key differences between standard MNase protocols for various

model fungi and our rapid protocol. In each instance, significantly less starting material is required

for the rapid protocol, and in most cases the standard protocol uses phenol/chloroform extraction

followed by ethanol precipitation for purification of the DNA; the use of a MinElute column shortens

the time for purification considerably. The rapid protocol eliminates phenol and chloroform and also

usually uses less formaldehyde, significantly decreasing the amount of hazardous reagents used

overall and also reducing hazardous waste. Additionally, standard protocols for N. crassa require

isolation of nuclei or a chromatin fraction, along with the use of protease inhibitors. The rapid pro-

tocol uses conidia without further preparation, greatly reducing the time and effort involved in pre-

paring the startingmaterial, and protease inhibitors are not required. Notably, one standardmethod

for preparing MNase samples fromN. crassa (Klocko et al, 2019) does not use formaldehyde, but we

have observed that crosslinking improves the quality of the sequencing data and provides more

distinct peaks for nucleosome positions (Figure 4E, top row versus bottom row). No standard

method exists for MNase of S. cerevisiae or S. pombe from a patch of cells on a plate, so we could

not make a comparison to our rapid ‘‘colony MNase’’.

We wished to design a rapid protocol that was standardized across species, so we performed experi-

ments on a variety of locally foraged wild fungi and were able to obtain well-spaced nucleosome foot-

prints (Figure 5). It is important to note that the size of themononucleosomeband is usually between 100

and 200 bp, but this product might run slightly larger in different organisms, as in lane 2 of Figure 5A.

Because we did not sequence this sample, we cannot be absolutely certain that this band reflects mono-

nucleosomal fragments, but we are reasonable sure.We also tested C. elegans, D. rerio fin cells, and the

cell line PLB-895 (Tucker et al., 1987); while we do not have gel images for theC. elegans orD. rerio sam-

ples,we saw aprominentmononucleosomeband for bothof these organisms after a single test using the

same protocol as for mammalian cells (with crosslinking), and we are confident that this protocol can be

easily adapted for sequencing-quality nucleosome footprints. For PLB-895 cells, we performed the pro-

tocol with crosslinking in order to better compare it to our other samples (Figure 6A), but we also pre-

pared samples without crosslinking as this is the more standard practice for MNase of mammalian cells

(Figure 6B); there is no obvious difference visually. A 1-dayMNaseprotocol already exists formammalian

cells (Ramani et al., 2019), but ours is significantly shorter and provides a promising standardized alter-

native to previously publishedprotocols across organisms.Wedid not sequence these nucleosome frag-

ments in the interest of time and cost, along with the lack of annotated genomes for wild fungi, but we

encourage users to test the rapid protocol in their model organism of choice.

QUANTIFICATION AND STATISTICAL ANALYSIS

Libraries were sequenced at the University of Oregon’s Genomics and Cell Characterization Core

Facility on an Illumina NextSeq500 on the 37 cycle, paired-end, High Output setting, yielding
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approximately 10–20 million paired reads per sample. MNase sequencing data were analyzed as

described previously (McKnight and Tsukiyama 2015). Paired-end reads were aligned to the S. cer-

evisiae sacCer3 (Yates et al, 2019), S. pombe (Wood et al., 2002), or N. crassa (Galagan et al., 2003)

reference genome with Bowtie 2 (Langmead and Salzberg 2012), and filtered computationally for

unique fragments between 100 and 200 bp. Dyad positions were calculated as themidpoint of align-

ment coordinates, then dyad coverage was normalized across the genome for an average read/bp of

Figure 4. Rapid MNase can accurately map nucleosome positions in S. pombe and N. crassa

(A) Agarose gel showing example nucleosome footprints recovered from S. pombe using the rapid MNase protocol.

(B) Genome Browser image comparing nucleosome dyad positions on S. pombe chrII recovered for the rapid MNase protocol (top) and previously-

published data sets.

(C) Alignment of nucleosome dyads at 11,350 transcription start sites (TSSs) for rapid MNase-recovered nucleosome footprints and previously-

published data sets.

(D) Agarose gel showing example nucleosome footprints recovered from N. crassa using the rapid MNase protocol.

(E) Genome Browser image comparing nucleosome dyad positions at the N. crassa NCU3995-NCU3994 locus for the rapid MNase protocol (top) and

previously-published data sets.
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1.0. Nucleosome alignment to the Ume6 binding site, WNGGCGGCWW, was performed by taking

average dyad signal at each position relative to all intergenic instances of a motif center. Intergenic

instances of the Ume6motif were found using the Saccharomyces GenomeDatabase PatternMatch-

ing tool (https://yeastgenome.org/nph-patmatch). Transcription start sites were obtained from pub-

lished datasets for S. cerevisiae (Nagalakshmi et al., 2008) and S. pombe (Thodberg et al., 2019).

Previously-published S. cerevisiae data (SRX5086833, (Donovan et al., 2019); SRX1176421,

(McKnight et al., 2016)), S. pombe data (SRX554384 (Steglich et al., 2015); SRX331943, (DeGennaro

et al 2013)), and N. crassa data (SRX1596291, (Seymour et al., 2016); SRX2822417, (Klocko et al.,

2019)) were downloaded from the Sequence Read Archive (SRA) and analyzed using our computa-

tional pipeline to identify nucleosome dyad positions. Data were visualized using Integrated

Genome Browser (Freese et al., 2016). Sequencing data from this work can be accessed at the

GEO database under accession code GSE141676.

LIMITATIONS

When testing our protocol on new organisms, we adjusted the following parameters to obtain

acceptable nucleosome footprints: input amount (number of cells), spheroplasting time (for fungi),

amount of zymolyase, and amount of MNase. Table 2 contains a comparison of these parameters

across the different sample types that we tested successfully, which can be used as a guide when

trying new samples. More detailed protocols for preparation of input samples from other organisms

is available upon request.

TROUBLESHOOTING

Problem 1

Genomic DNA is not being digested, as evidenced by a very high molecular weight band on the

agarose gel and little or no signal for nucleosome footprints, as in Figure 7.

Potential solution

This most likely is the result of cells not being permeabilized. We suggest extending the incubation

time for the spheroplasting step (Step 6) or increasing the amount of zymolyase per mL of buffer in

1-mg increments. Another option is to perform this step at 37�C rather than at 25�C. After sphero-
plasting, the solution should be much less opaque than it was prior to this step, so it is possible to

troubleshoot this step without completing the entire protocol. Furthermore, there are likely organ-

isms that may require additional steps to help permeabilize cells, particularly if the cells possess

zymolyase-resistant cell walls. Previous work has demonstrated success using cryogrinding as the

cell-breaking step (Gonzalez and Scazzocchio 1997; Givens et al., 2011).

Table 2. Comparison of parameters for preparation of mnase samples from different organisms

Organism Input
Spheroplasting
(min)

Zymolyase
(mg/mL)

MNase
(mL of 20 U/mL)

S. cerevisiae liquid culture 20 OD*mL 15 2 3

S. cerevisiae agar plate 30 OD*mL 30 2 1.5

S. cerevisiae
Q cells

100 OD*mL of
dense fraction

60 10 0.2

S. pombe liquid culture 20 OD*mL 15 2 3

N. crassa 50-mL culturea 15 2 3

Wild mushrooms 50 mg of fruiting body 15 2 3

Mammalian cells 106 cells N/A N/A 3

C. elegans 3*104 adult worms N/A N/A 3

D. rerio fin cells Fins from 50 adult zebrafishb N/A N/A 3
a50-mL culture inoculated with 2.5*107 cells harvested from freshly grown conidia, grown until at least 70% of conidia have

germinated
btreated with trypsin and liberase
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Problem 2

The DNA is over- or under-digested, as evidenced by too much or too little signal for the mononu-

cleosome band. Examples of under-digested samples are shown in lanes B, C, and E of Figure 8. Ex-

amples of over-digested samples are shown in lanes D and F. Lane A shows a sample where fewer

than 20 OD of cells were pelleted initially.

Potential solution

MNase activity can vary across lots and vendors, so it is critical to calibrate the MNase concentration

to give the desired extent of digestion. We recommend performing a test of 3 samples with either

2 mL, 3 mL, or 4 mL of MNase (20 U/mL stock) in Step 6 for S. cerevisiae; different amounts of MNase

should be chosen for other types of samples based on Table 2. When running these tests, it is not

necessary to treat samples with CIP, so Step 13 of the protocol can be skipped. An ideal digest

will result in signal for mono-, di-, and tri-nucleosome fragments, with the most signal for the

mono-nucleosome band, as in Figure 1.

Figure 5. Nucleosome footprints can be rapidly recovered from wild mushroom samples

(A) Images of locally-foraged wild mushrooms that were subjected to the rapid MNase protocol (top). Sample 5-6

consists of a distinct surface fungal specimen (5) growing on a host specimen (6). Recovered nucleosome footprints for

corresponding mushrooms are shown (bottom). Speculative identities for these samples are (1) Panaeolus foenisceii,

(2) unknown, (3) Craterellus tubaeformis, (4) Cantharellus formosus, (5) Hypomyces lactifluorum, (6) Russula brevines,

(7) Lycoperdon perlatum.

(B) Optimized rapid MNase for specimen 4 (chanterelle) was achieved using 50 mg of tissue leading to well-digested

nucleosome footprints (top). The optimized protocol was performed on 50 mg of a previously-untested specimen

leading to well-digested nucleosome footprints (bottom). Speculative identity of these samples are Cantharellus

formosus (top) and Agricus xanthodermus (bottom).
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Sometimes it is necessary to adjust the amount of MNase used in the protocol based on your specific

enzyme activity, particularly when working with an organism that we have not tested. It is worth

noting that often it is still possible to excise the mononucleosome band and obtain high-quality

Figure 6. The rapid MNase protocol can be performed on human cells with or without crosslinking

(A) Cartoon schematic showing rapid MNase protocol and associated nucleosome footprints for 1 million human cells

from the diploid myeloid leukemia cell line PLB-895. The protocol is identical to the yeast liquid culture protocol

except that there is no zymolyase treatment.

(B) Cartoon schematic showing rapid MNase protocol for PLB-895 cells and associated nucleosome footprints when

the crosslinking and crosslinking reversal steps are omitted and other steps are shortened. The crosslink-free protocol

can provide nucleosome footprints that are ready for library construction in less than an hour. Left lane: 1.5 million

cells input; right lane: 1 million cells input.

Table 1. Comparison of sample input, reagents, and time required for standard versus rapid protocols for fungi

Organism Input
Formaldehyde
per sample

DNA purification
method

Days for
protocola

S. cerevisiae
Standardb

200 mL liquid culture 5.5 mL Phenol/chloroform
extraction
& ethanol precipitation

3

S. cerevisiae
Rapid

20 OD*mL pellet (from
25 mL culture)

27 mL MinElute column 1.5

S. pombe
Standardc

100 mL liquid culture 2.7 mL Phenol/chloroform
extraction
& ethanol precipitation

3

S. pombe
Rapid

20 OD*mL pellet (from
25 mL culture)

27 mL MinElute column 3

N. crassa
Standard Ad

Isolated nuclei from
500 mL conidia

None MinElute column 2

N. crassa
Standard Be

Isolated chromatin fraction
from 50 mL conidia

275 mL Phenol/chloroform
extraction
& ethanol precipitation

3

N. crassa
Rapid

50 mL conidia 1.4 mL MinElute column 1

aNumber of days required to isolate mononucleosomal fragments from starting material (input)
bRodriguez et al, 2014
cCam and Whitehall, 2016
dKlocko et al, 2019
eSeymour et al, 2016
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data of over-digested samples, but it is preferable to work with appropriately digested footprints,

and the extent of digestion should be consistent across samples that are being compared in a partic-

ular experiment.

If the ratio of mono- to di-nucleosome bands appears to be correct, the issue may actually be that

too few cells were used, as in lane A of Figure 8. Within an organism, the number of cells used could

vary depending on the growth conditions or media composition, as evidenced by the adjustments

needed for colony MNase (Table 2). It therefore possible that specific conditions or mutant strains

may require subtle changes to digestion or input amount, particularly if it is challenging to accurately

quantify the initial number of cells.

Problem 3

Quiescent cells produce improperly-digested footprints. Similar to Problem 2, if DNA appears un-

der- or over-digested for quiescent cells, there are additional steps we took to optimize these

samples.

Potential solution

Assuming that the MNase activity has been calibrated as in Problem 2, there are additional consid-

erations when processing quiescent cells. We found that quiescent cells isolated on different days

were not consistently digested, so we recommend preparing multiple MNase samples as standard

practice, and testing different incubation times for MNase digest in Step 8, as shown in Figure 3A.

For the sample shown in Figure 3A, the mononucleosome band from the 5-minute sample was

excised, but for other Q cells the 5-minute time point was over- or under-digested. As indicated

in the protocol, using multiple different quiescent cells, we observed a range of 2–10 min to yield

appropriate footprints, but due to the variability we have seen, it is conceivable that the optimum

Figure 7. Sample gel showing intact genomic DNA and partial nucleosome footprints from non-permeabilized cells

Agarose gel showing example nucleosome footprints recovered from patches of S. cerevisiae using unoptimized

‘‘rapid colony MNase’’ protocol (2 mg of zymolyase for 15 mi) using an input of (A) 30 OD pellet of yeast, or (B) 20 OD

pellet of yeast.
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range might be shifted for quiescent samples prepared in another lab, as the technique seems sen-

sitive to small changes. In our hands, once we optimized the amount of MNase, the same amount of

MNase worked for a variety of Q cell samples.

Problem 4

Unexpectedly low DNA yield, as evidenced by faint bands or no signal on the agarose gel.

Potential solution

Increase the input amount when preparing the sample. Assuming calculations for input were correct,

we recommend doubling or even tripling the amount of sample as a test. Yeast cells in log phase

versus quiescence, for example, give slightly different OD readings, and sometimes sick strains,

certain mutants, or yeast grown in different medium vary in size, so the OD reading and pellet

size do not accurately reflect the number of cells and therefore amount of DNA in the sample.

Furthermore, the amount of input required can vary drastically for different organisms, so for a sam-

ple type that we have not tested, optimization of the amount of input will be necessary.

Problem 5

Instead of nucleosome footprints, only a large smear is visible on the agarose gel.

Potential solution

This is likely due to RNA and/or residual protein in the sample. We most often see this with improp-

erly digested RNA and suggest first increasing the incubation time with RNAse A in Step 10. If that is

not effective, increase the incubation time with Proteinase K in Step 11. Another possibility is that the

RNAse A and/or Proteinase K stocks have lost activity, and these may need to be re-made.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, Laura McKnight (lmcknigh@uoregon.edu).

Figure 8. Sample gel showing under- and over-digested nucleosome footprints

Agarose gel showing example nucleosome footprints recovered from S. cerevisiae liquid culture using the rapid MNase protocol

(A) Only 15 OD of cells were used as input.

(B) Under-digested sample.

(C) Under-digested sample.

(D) Over-digested sample.

(E) Under-digested sample.

(F) Over-digested sample.
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Materials availability

This study did not generate new unique reagents.

Data and code availability

The datasets generated during this study are available at GEO under accession code GSE141676.
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