Chapter 16

Chromatin Inmunoprecipitation Analysis
in Filamentous Fungi

Stefan Boedi, Yazmid Reyes-Dominguez, and Joseph Strauss

Abstract

Chromatin immunoprecipitation (ChIP) is used to map the interaction between proteins and DNA at a
specific genomic locus in the living cell. The protein-DNA complexes are stabilized already in vivo by
reversible crosslinking and the DNA is sheared by sonication or enzymatic digestion into fragments suit-
able for the subsequent immunoprecipitation step. Antibodies recognizing chromatin-linked proteins,
transcription factors, artificial tags, or specific protein modifications are then used to pull down DNA-
protein complexes containing the target. After reversal of crosslinks and DNA purification locus-specific
quantitative PCR is used to determine the amount of DNA that was associated with the target at a given
time point and experimental condition. DNA quantification can be carried out for several genomic regions
by multiple qPCRs or at a genome-wide scale by massive parallel sequencing (ChIP-Seq).

Key words: Chromatin, Protein—-DNA interactions, Antibody, Quantitative PCR, Filamentous fungi

1. Introduction

Chromatin, the complex of histone and non-histone proteins
associated with nuclear DNA, is the natural substrate of all DNA-
dependent processes such as replication, recombination, repair or
transcription. Experimental approaches to study chromatin dynam-
ics and modifications such as chromatin accessibility or “Chromatin
immunoprecipitation” (ChIP) assays have been developed and
applied also in filamentous fungi (1-4). The ChIP technique was
pioneered by Varshavsky and colleagues (5, 6) and is used to detect
and to quantify interactions between DNA and associated proteins
in vivo. It aims to determine whether specific proteins such as
histones or transcription factors are located at a given genomic
region under a given experimental condition. The original method
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is based on analysis of DNA that is reversibly crosslinked to, and is
co-precipitating with, protein complexes. In order to stabilize these
interactions during the IP step, intact cells are usually treated with
formaldehyde in their growth medium. Native ChIP procedures
have been developed which omit the crosslinking step, but have so
far not been applied in filamentous fungi. Time and concentration
of formaldehyde crosslinking depends on the organism and needs
to be optimized empirically for each medium and species.

Briefly, chromatin and other DNA-associated proteins (in cell
lysates or intact cells) are temporarily crosslinked, then genomic
DNA is sheared by sonification or enzymatic restriction to obtain
smaller DNA fragments of similar size (usually between 300 and
500 bp). Antibodies recognizing epitopes in the protein of choice
(target protein) are then added to the mix to immunoprecipitate
DNA-protein complexes. Subsequently, the crosslinks are reversed,
protein components are digested and DNA is isolated. Finally, the
amount of precipitated DNA is determined by quantitative PCR in
comparison to input DNA. The values indicate how much of the
antibody target associates with the analyzed DNA locus at a certain
time point under a given experimental condition. If many loci
should be analyzed in parallel, a library of co-precipitated frag-
ments can be generated and analyzed by sequencer-based fragment
analysis (7) or multiple QPCRs. A genome-wide map of binding
events can be generated by hybridizing the co-precipitated frag-
ments to microarray probes (ChIP-Chip) (8) or by massive-parallel
sequencing of libraries generated from precipitated fragments
(ChIP-Seq) (9, 10). Systematic identification of DNA targets on a
genome-wide level with extremely high resolution by ChIP-Seq
has revolutionized mapping of DNA—protein interactions or the
characterization of specific histone modifications associated with
metabolic or developmental processes (11, 12). In filamentous
fungi, these genome-wide techniques have been applied so far only
for Neurospora crassa (13, 14).

In addition to determining genomic locations of target protein
binding, ChIP analysis also provides the possibility to test for
condition-specific protein modifications. Antibodies directed against
epitopes such as protein phosporylation, acetylation, methylation, or
ubiquitination are commercially available and have been used par-
tially also in filamentous fungi (Table 1). Crucial to all ChiP experi-
ments are controls that reveal the background of DNA co-precipitated
by unspecific antibody binding (see below). When specific
modifications of a protein are analyzed additional input controls are
necessary. These controls include a separate ChIP with an antibody
that recognizes a different epitope in the analyzed protein, optimally
an epitope that is not subject to posttranslational modifications
(PTMs). For example, to test for histone H3 N-terminal modifications
such as methylation or phosphorylation, an antibody recognizing the
conserved C-terminus of histone H3 is often used (see Table 1).
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In contrast to in vivo footprinting which exclusively reveals
direct DNA—protein interactions (15) ChIP detects all proteins
interacting with DNA, either through their own DNA-binding
domain or in a complex with DNA-binding factors. This indirect
interactions need to be taken into account for interpretation of
the ChIP results. On the other hand, these indirect interactions
also provide the opportunity to test by ChIP protein—protein
interactions between a target protein and a DNA-binding factor,
when the DNA recognition sequence of the DNA-binding pro-
tein is known. This method has, for example, been used to map
the interactions between the nuclear export in KapK with its cargo
protein NirA, a DNA-binding transcription factor mediating
nitrate induction (2).

Crucial for the success of ChIP experiments are the available
antibodies. The specificity of these antibodies should be deter-
mined prior to ChIP experiments. This step is usually carried out
in Western analysis of crude protein extracts of an isogenic mutant
strain not expressing the target protein, if such a mutant is viable.
When a tag should be used to precipitate the target protein the
control strain should be isogenic without expressing the tagged
version of the target protein. Control strains for ChIP against
PTMs of the target usually carry replacements of amino acids that
receive the tested modification, although for many proteins such
replacements lead to loss of cell viability. In all these cases, where
such mutations are lethal the use of a second-site epitope in the
target protein is advisable for a control (e.g., histone H3
C-terminus). After Western analysis of crude protein extracts a
preliminary ChIP analysis is carried out to test the antibody for
its specificity under ChIP conditions. The experimentators should
note that ChIP conditions represent native interactions between
the epitope of a protein and the antibody used for IP, whereas
Western analysis is usually carried out with cell extracts contain-
ing denatured proteins. To clarify if the antibody also specifically
interacts with the protein of choice under non-denaturating con-
ditions, a Western analysis of immunoprecipitated protein sam-
ples can be performed. If a signal is detected only in IP samples
with the specific antibody and not in the control samples (only
resin without antibody, mutants strain, strain harboring untagged
version of target protein) the specificity of the antibody is satisfy-
ing tor ChID.

The presented step-by-step protocol is an optimized proce-
dure for ChIP in filamentous fungi. It can be directly applied to
Aspergillus nidulans and Fusarium graminearum. Moreover, in
Table 1 we have summarized all antibodies that have been success-
tully used so far for ChIP in filamentous fungi. It should be noted
that these organisms grow apically in submerged cultures and on
solid media and thus their cells have different age and may be in
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different metabolic states at the time of harvesting. Aerial cultures
on solid media also represent cells of different age and after longer
incubation differentiation into conidia or sexual structures occurs.
The precise time required for entry into differentiation stages
depend on the individual species. For interpretation of ChIP
results, these crucial facts need to be considered.

2. Materials

2.1. Reagents Stocks

2.2. Reagents Setup

. 1 M HEPES-KOH pH 7.5.
. 5 M NaCl

. 1 M Tris-HCI pH 8.

. 0.5 M EDTA pH 8.

. 20% SDS.

. 20% Triton X-100.

.4 M LiCl.

. Ig epal CA630.

. 1% Na-deoxycholate.

. 1 M NaHCO.,.

. 100x Fungal protease inhibitor mix (Promega).

O 0 NN N U W N

—
N = O

. Salmon sperm DNA /protein A agarose slurry (Upstate).

—
W

. Promega BSA assay.
. 1 M Tris-HCI pH 6.5.
. Proteinase K (1 mg/mL, MBI).

— =
S 2TV

—

. Sonication buffer 50 mM HEPES-KOH pH 7.5, 140 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate,
1x Fungal protease inhibitor.

2. ChIP dilution buffer 1.1% Triton X-100, 1.2 mM EDTA,
16.7 mM Tris-HCI pH 8, 167 mM NaCl, 1x fungal protease
inhibitor.

3. Low salt wash buffer 150 mM NaCl, 0.2% SDS, 0.5% Triton
X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.

4. High salt wash buffer 500 mM NaCl, 0.2% SDS, 0.5% Triton
X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.

5. LiCl salt wash buffer 0.25 mM LiCl, 0.5% Na-deoxycholate,
1 mM EDTA, 10 mM Tris-HCI pH 8, 0.5% Ig epal CA 630.

6. TE buffer 1 mM EDTA, 10 mM Tris-HCI pH 8.
7. Resuspension buffer SDS 1%, NaHCO, 0.1 M.
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3. Methods

3.1. Chemical
Crosslinking of Mycelia

3.2. Sonication

This protocol has been optimized for A. nidulans cells from liquid
cultures, additional specifications for solid cultures are provided.
Changes in the protocol that specifically concern F. graminearum
and Fusarium fujikoroi liquid cultures are indicated by (a). Bold
numbering from 1 to 27 indicates the sequential steps of the
procedure.

1. Add formaldehyde to a final concentration of 1% to the sub-
merged culture and shake the flaks for 15 min at the same
temperature at which growth was performed (the “desired
temperature”). For aerial cultures, grow mycelia on cello-
phane and peel off the cellophane with the mycelia from the
solid medium plate and transfer the mycelium together with
the cellophane to a Petri-dish containing 20 mL liquid mini-
mal media and 1% of formaldehyde. Slightly shake the mixture
for 15 min at the desired temperature. Important: If you need
to couple ChIP data with transcriptional data you may reserve
part of the mycelia for RNA extraction before formaldehyde
treatment (see also Notes 1-3 for general considerations in
experimental setup).

2. Add glycin to a final concentration of 125 mM and incubate
for 5 min at the desired temperature. Filtrate mycelia from
submerged cultures and freeze them immediately in liquid
nitrogen. The mycelia from the aerial cultures should have
detached by now from the cellophane. Filtrate the mycelia and
freeze it immediately in liquid nitrogen.

3. Grind 100 mg of mycelia with mortar and pestle in liquid
nitrogen, transfer it to a 2 mL Eppendorf tube and add 1 mL
of sonication buffer.

4. As stated above, sonication conditions need to be optimized
empirically for each type of equipment and organism. Any son-
ication equipment may be used, such as sonication probes or
water baths with sonication function, just make sure the tem-
perature within the sonicated sample stays low by constantly
keeping the samples on ice. The company DIAGENODE
designed a cooled sonicator for ChIP and the conditions for
sonication of A. nidulans and F. graminearum cells are pro-
vided here as an example. Using the Bioruptor™200 from
DIAGENODE the samples are sonicated in cycles of 2 min
“on” and 1 min “off” during a total treatment time of 15 min
at the maximal power. The samples should be always on ice.
The sonication time and power should be determined empirically
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3.3. Antibody
Incubation

3.4. Precipitation of
the Protein-Antibody
Conjugate

10.
11.

12.

13.

14.

15.

16.

17.

when using different sonicators. Keep the samples on ice after
the sonication procedure (see also Note 4).

. Centrifuge for 1 min at 15871 x4 at 4°C. Recover the super-

natants in new Eppendorf tubes and keep them on ice.

. To pre-clear the samples, add 40 pL Salmon sperm DNA/

protein A agarose slurry (Upstate) and turn the tubes on a
rotary shaker for 1 h at 4°C. Spin for 30 s at 15871 x 4. Transfer
the supernatant to a new tube.

. Measure the protein content (e.g., by Bradford assay).

. Dilute the sample with ChIP dilution buffer to a concentration

of 200 pg protein/mL in a final volume of 1.2 mL.

. Take 1 mL of the quantified chromatin sample and add 2 pg of

antibody. A 1:100 dilution in respect to 200 pg of protein is
recommended (see also Note 5).

Incubate over night at 4°C on a rotary shaker.

Reserve 100 pL of sonicated and quantified chromatin for use
as non-precipitated input control and freeze it at —~80°C.

Any protein-A conjugate carrier may be used at this step (e.g.,
protein A-sepharose) but in our experience it is more conve-
nient to use paramagnetic particles as protein A carrier as the
separation between pellet and supernatant is more easily
achieved with these beads. Add 30 pL of Protein A beads for
immunoprecipitation (e.g., Dynabeads®, Invitrogen). The
chromatin—Dynabeads complexes are incubated for 1 h at 4°C
on a rotary shaker.

Place the samples on the magnetic rack and carefully remove
and discard the liquid phase. It is important not to disturb the
chromatin—beads complex and therefore vacaum pumps should
be avoided to remove the supernatant.

Add 1 mL of low salt washing buffer, invert the tubes gently
and place them again on the magnetic rack. Remove and dis-
card the remaining liquid.

Add 1 mL of high salt wash butffer, gently invert the tubes
twice and place them again on the magnetic rack. Remove and
discard the remaining liquid.

Add 1 mL of LiCl wash butffer, gently invert the tubes twice
and place them again on the magnetic rack. Remove and dis-
card the remaining liquid. When you work with paramagnetic
protein A beads skip this last step because the Li:Cl washing
buffer interferes with the magnetic function of the beads.

Wash the chromatin—-Dynabeads complex twice in 1 mL of TE
buffer; remove and discard the TE buffer.



3.5. Resuspension
of the Chromatin

3.6. Reverse
Crosslinking and
Recovery of DNA

18.

19.

20.
21.

22.

23.
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Add 50 pL of fresh Resuspension buffer and incubate at 65°C
for 15 min.

(a) For Fusarium species use a tenfold diluted Resuspension
buffer (resulting in SDS 0.1%, NaHCO, 0.01 M)

Centrifuge at 15871xyg for 2 min. Transfer the
SUPERNATANT to a new tube. Repeat this step (final vol-
ume recovered 100 pL).

Add 4 pL NaCl (5 M) and incubate for 4 h at 65°C.

Treat 100 pL of the input sample that was reserved at step 11
with 4 pl. NaCl (5 M), 4 h at 65°C. These incubation steps
(20 and 21) can be extended overnight and afterwards samples
can be stored at -20°C.

100 pLL samples of the resuspendend chromatin are incubated
with 2 u, EDTA (0.5 M), 4 uL. 1 M Tris—-HCI pH 6.5, and 2 pL.
Proteinase K (1 mg/mL, MBI) for 1 h at 45°C. This step serves
to reverse crosslinking and to digest the associated proteins.

DNA is purified from the samples most easily with a PCR

purification kit (QIAgen). Other purification procedures

may be used after an optimization procedure. Using these
kits, the samples are eluted in 100 pL of an 1:10 dilution of

EB (QIAgen). The DNA can be stored for up to 2 months at

-20°C.

(a) For Fusarium species, the DNA is purified in our hands
best by the Cetyltrimethylammonium bromide (CTAB)
method instead of PCR purification kit (reason unknown).
Start with the addition of 400 uL. CTAB buffer (100 mM
Tris-HCI pH 8, 20 mM EDTA pH 8, 1.4 M NaCl, 2%
(w/v) CTAB, 2% (v/v) B-Mercaptoethanol freshly added).
Then the samples are incubated by shaking for 1 h at 65°C.
400 pL CI buffer (Chloroform:Isoamylalcohol 24:1) are
added and after mixing of the two phases by vigorously
inverting the tubes the samples are centrifugated for
10 min at 15871 x 4. 450 uL of the upper phase are trans-
ferred to a new tube and incubated with 20 pg RNAse A
for 30 min at 37°C. The DNA is precipitated by the addi-
tion of 500 pL Isopropanol and centrifugation for 10 min
at 15871 x 4. The liquid is poured off and the DNA adher-
ing to the tube wall is washed by the addition of 1 mL 75%
(v/v) ethanol. After centrifugation for 10 min at 15871 x g
the liquid is poured off. Remaining drops are spun down
and removed by the use of a pipette. The pellets are dried
for 10 min at 65°C (with open lids) and the DNA is eluted
by the addition of 50 pL of an 1:10 dilution of EB

(QIAgen).
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3.7. Quantification of
the co-precipitated DNA

The samples are now ready to be analyzed. Quantitative PCR is the
most common method to quantify the relative abundance of a tar-
get DNA region. This relative abundance generally directly corre-
lates with the abundance of a given antibody epitope (protein or
PTM) at the tested genomic location, but exceptions exist to this
general rule (see also Note 6).

24.
25.

26.

Dilute the input control DNA 100-fold in water.

Set up real-time PCRs in duplicate with the diluted input
DNA. For primer selection, see Note 7.

The concentration of specific DNA fragments can vary con-
siderably depending on which protein was immunoprecipi-
tated. Therefore, empirical testing over several dilutions of the
final eluates (step 23) may be necessary to find the optimal
template concentration for qPCR. For general transcription
factors as such as the nitrogen regulator AreA or histone pro-
teins 5 pL of a non-diluted and 1:10 diluted aliquot of the
final eluate has proven as initially suitable concentrations for
qPCR (unpublished observations). For pathway-specific regu-
lators such as the nitrate activator NirA, where much less tar-
gets are present in the genome, only non-diluted samples of
the eluates have resulted in successful amplification (unpub-
lished observation). All quantitative PCR protocols can be
used for ChIP qPCR and suppliers may also provide specially
adapted programs for read-out of ChIP experiments. For the
protocol described here, DNA quantification is carried out on
amylQ cycler (Biorad) using Platinum® SYBR® Green qPCR
SuperMix-UDG. Processing of ChIP samples for microarray
analysis or massive parallel sequencing is described in the lit-
erature (8, 10, 11, 12, 13, 14).

4, Notes

. Experimental conditions and vepetitions. Two main forms of

fungal culture can be used to study different aspects of metab-
olism and/or development: submerged cultures or aerial cul-
tures. Since ChIP contains many experimental steps and slight
variations in each step may lead to significantly different results
in experimental repetitions, it is advisable to work with several
technical as well as biological repeats. In order to assess the
variability among identical experimental setups at least two
biologically independent experiments should be performed
and both should be analyzed by three technical repeats.
However, not too many samples should be processed at the
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same time because incubation times with reagents at the differ-
ent steps should be as equal as possible.

. Optimization of the amount of input material. In order to assure
that crosslinking of the mycelia is homogeneous, it is important
that the amount of biomass is in the range given below and as
similar as possible in all experiments. For the aerial cultures,
spores are inoculated on the top of a cellophane disk that is
placed onto the medium of choice (minimal medium, complete
medium). For the submerged cultures is important to inoculate
the same amount of spores in each flask.

. Optimization of chemical crosslinking. In order to capture the
DNA-protein interaction in a cellular context, formaldehyde
is used as a crosslinking agent. The time of crosslinking for
both submerged and aerial cultures needs to be empirically
determined when setting up ChIP for the first time for each
organism. This step may be problematic, as the extent of
crosslinking may vary from sample to sample. It is crucial that
all the samples are in contact with formaldehyde for the same
amount of time. Longer or shorter periods of individual sam-
ples within an experimental series will result in significant vari-
ations of ChIP results.

. Optimization of sonication efficiency. Shearing of the chromatin
is a critical step in successful implementation of ChIP. Shearing
efficiency can be simply tested by agarose gel electrophoresis.
Itis recommended that the chromatin is sheared to a size range
between 300 and 1,000 bp, with the majority of fragments
around 500 bp. If the chromatin is not sheared to this extent,
the resolution of the ChIP assay will decrease. For example, if
primers are designed for a binding site and control site primers
are binding within a region of 1,200 bp, inefficient shearing
will result in the detection of binding at both loci. If the soni-
cation produces bigger fragments, try to increase the first
power of the sonicator and then to increase the time. When
submerged cultures and aerial mycelial samples are compared
(e.g., ChIP to elucidate binding of sporulation regulators) it
needs to be assured that the average fragment sizes of the
shared chromatin are in the same range. We have observed that
aerial culture samples require a longer sonication time or
increased sonication power.

. Optimization of the antibody (Ab) amount used for immunopre-
cipitation. The crosslinked DNA-protein complex is specifically
immunoprecipitated using an Ab against the protein-of-inter-
est or a tag fused to the protein of choice. The quality and
specificity of the Ab contributes immensely to the outcome of
the ChIP procedure. Prior to the ChIP experiment it is advis-
able to test the specificity of the Ab by conducting a Western
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analysis of immunoprecipitated samples. This step ensures that
the Ab also recognizes the epitope under non-denturating
conditions. Optimally, this analysis should include controls
such as precipitating with the resin only or precipitating in a
genetic background in which the target protein is not present
or is not tagged.

6. Accessibility of the antibody to target epitope. Consider that
the accessibility of the Ab to a protein residing within a large
protein complex can vary considerably depending on the
composition of a potentially dynamic complex at different
conditions, in different strains or at different genomic loca-
tions. Thus, measuring low amounts of target protein under a
certain condition may not always mean that the protein
amount is low but that the accessibility if the Ab to its epitope
is low. Also, the presence of one protein modification (e.g.,
histone H3 phosphorylated at serin 10, H3P10) could have
an influence on the interaction of the Ab with the neighboring
epitope (e.g., trimethylated H3K9). As Ab preparations differ
considerably in specificity and titer, the amount of Ab used to
immunoprecipitate the crosslinked protein—-DNA complexes
needs to be empirically determined every time a new batch of
Ab is used. All antibodies which were reported in the pub-
lished literature to be suitable for ChIP in filamentous fungi
are summarized in Table 1.

7. Optimization of oligonucleotides. Primers for qPCR should be
designed in a way that the amplicon is between 50 and
150 bp long. Double-check whether the targeted regions
have extensive secondary structures as this will significantly
decrease the efficiency of the PCR. In order to increase the
specificity of detection it is advisable to choose primer T
above 60°C.
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