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Recent advances leave no doubt that higher order chromatin
structures play a fundamental role in many developmentally im-
portant mechanisms of gene regulation. In particular analyses
in genetic model systems like yeast and Drosophila uncovered
novel proteins that are involved in the regulation of chromatin
structures. Many of these proteins do not bind directly to DNA
but interact in large multimeric complexes. To identify the DNA
elements regulated by these multiprotein complexes, alternative
approaches to the standard methods of DNA-protein analysis
had to be devised. Here we present a method that preserves the
architecture of the higher order chromatin structures by cross-
linking cells in vivo with formaldehyde. An immunoprecipitation
strategy is then used to identify the DNA targets of chromosomal
proteins of interest. This method can be applied to study the
distribution of proteins at high resolution over extended chromo-
somal regions. © 1997 Academic Press

Formaldehyde is a powerful, high-resolution (2 ,&),
and easily reversible cross-linking agent that effi-
ciently produces both protein—DNA, protein—RNA,
and protein—protein cross-links in vivo (1-8). Thus
protein—DNA interactions in virtually intact chroma-
tin can be analyzed by this method. Within minutes
cross-linking results in the formation of biopolymers,
thus preventing any large-scale redistribution of cellu-
lar components. Formaldehyde does not react with free
double-stranded DNA, avoiding Kinetic constraints due
to DNA damage. In addition, formaldehyde cross-links
can be reversed under mild conditions so that DNA and
proteins can be further analyzed, separately.

Figure 1 shows an outline of the method. Living cells
are fixed with formaldehyde. After sonication, fixed chro-
matin is purified by cesium chloride gradient centrifuga-
tion. The chromatin fragments containing the protein of
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interest are purified by selective immunoprecipitation.
Finally, cross-links are reversed and the specifically en-
riched DNA is analyzed. The experimental scheme origi-
nates from the pioneering work of Alexander Varshavsky
(MIT, Cambridge) who developed the chromatin fixation,
purification, and immunoprecipitation scheme for ana-
lyzing the distribution of histones in Drosophila heat-
shock gene promoters (7). We have substantially broad-
ened the potential of the method by adapting it to the
analysis of general transcription factors and of protein
components of multimeric complexes associated with the
chromatin (Ref. 8; Orlando, V., Muchardt, C., Yaniv, M.,
and Paro, R., in preparation). We have devised a PCR
and hybridization strategy that allows the identification
of all binding sites of a particular protein within a geno-
mic region of interest. In particular, the DNA associated
with specifically immunopurified chromatin is amplified
by PCR and used as the probe in a Southern analysis of
a given genomic region. This type of direct mapping can
lead to the identification of binding sites over extended
genomic regions with a resolution of 1 kb. The possibility
of identifying in vivo target sequences in chromatin can
be of advantage for diverse applications, including high-
resolution mapping and target gene identification (9).

DESCRIPTION OF THE METHOD

1. In Vivo Formaldehyde Fixation of Cells

Approximately 1 x 10°-5 x 10° tissue culture cells
from the Drosophila melanogaster embryonic cell line SL-
2 are grown at 25°C in spinner flasks in Schneider’'s Dro-
sophila medium (Serva or GIBCO) supplemented with
heat-inactivated 10% FCS, 100 U/ml penicillin, and 100
ug/ml streptomycin (GIBCO). To detect the chromatin-
containing fractions in the cesium chloride gradient (see
Section 4), the DNA is labeled with 1 pCi/ml [methyl-
3H]thymidine (specific activity 83 Ci/mmol, ICN), added
36-48 h before the cells are fixed.?

3 When using starting material other than tissue culture cells (e.g.,
embryos) the DNA in the gradient can be traced by reversing the
cross-links (see Section 6) of a small aliquot of gradient fractions
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The chemistry of formaldehyde cross-links are de-
scribed in Fig. 2. Living cells are fixed by adding di-
rectly to the growth medium one-tenth volume of 11%
formaldehyde (HCHO) solution (prepared from a 37%
HCHO/10% methanol stock solution; Merck), in 0.1 m
NaCl, 1 mm Na-EDTA, 0.5 mm Na-EGTA, 50 mm
Hepes, pH 8.0. Cells are transferred to 4°C and allowed
to fix for up to 1 h. Preliminary time-course experi-
ments spanning between 5 min and 1 hr of fixation
should be performed to yield the best combination of
in vivo fixed chromatin, high DNA recovery, and small
average size of chromatin fragments. Cross-linking for
1 h was found to be the most suitable time for Drosoph-
ila SL-2 chromatin. An excess of cross-linking results
in a substantial loss of material and a higher average
size of DNA fragments after sonication (see Section 2).
Figure 3 shows a comparison between an efficient
cross-linking (a) and an inefficient cross-linking (b).
When not sufficiently cross-linked, virtually all of the
input DNA is found at the bottom of the gradient,
whereas the cross-linked chromatin has a density of
about 1.39 g/cm®. For specific purposes cross-linking
time can be considerably reduced or prolonged (a few
minutes up to several days; Ref. 7). In our hands, cross-
linking times longer than 6 h resulted in considerable
(70%) loss of material and a high average size (20 kb)
of the chromatin DNA fragments.

To stop the cross-linking reaction glycine is added to
0.125 m. Fixed cells are pelleted by centrifugation at
780g for 10 min at 4°C. The cells are rinsed with ice-
cold PBS and washed sequentially for 10 min each in
15 ml of 0.25% Triton X-100, 10 mm Na-EDTA, 0.5 mm
Na-EGTA, 10 mm Tris—HCI, pH 8.0, and in 15 ml of
0.2 m NaCl, 1 mm Na-EDTA, 0.5 mm Na-EGTA, 10 mm
Tris—HCI, pH 8.0. The final pellets are resuspended in
8-16 ml of 1 mm Na-EDTA, 0.5 mm Na-EGTA, 10 mm
Tris—HCI, pH 8.0, divided into 5-ml aliquots for sonica-
tion, and stored on ice. Degradative activities are not
prominent in fixed material. Therefore the above-de-
scribed washing steps can also be performed at room
temperature.

2. Chromatin Solubilization by Sonication

Fixed cells are highly resistant to restriction enzyme
digestion or DNase | treatment. Therefore, soluble
chromatin can only be produced efficiently by mechani-
cal shearing. As mentioned above, the extent of cross-
linking is critical for the efficient disruption of the fixed
cells and also affects DNA yield and the average size
of chromatin fragments. It should be stressed that ma-

around the expected density values and running on an agarose gel.
Locating the DNA-containing fractions by measuring the O.D. is
not reliable. Cross-linked material has variable O.D. spectra and in
addition each gradient fraction contains proteins and nucleic acids
that could make the identification of the chromatin-containing frac-
tions problematic.

terial that is over-cross-linked will not produce small
chromatin fragments, even by prolonged sonication.
Figure 4 shows two typical results obtained with
Schneider cells cross-linked for 1 h. In lane 1, the DNA
size ranges from 20 kb to 100 bp, whereas an optimal
result is shown in lane 2, where the chromatin DNA is
homogeneously distributed around 600 bp. Each cell
type may require fine tuning of cross-linking time to
prevent over-cross-linking. In general, the size of the
DNA fragments may be critical for high-resolution
mapping studies of binding sites. If the aim of the ex-
periment is either to show binding of a protein to a
particular site (for example upon appropriate induc-
tion) by slot blot analysis or to search for target genes
(screening of genomic libraries), optimizing this param-
eter is not so important.

Prior to the final processing of the sample by a son-
icator, variables such as processing time, output con-
trol setting, and tip immersion depth are estimated. In
particular, the tip immersion depth should be adjusted,
keeping in mind the following principles: (i) energy ra-
diates only from the horn’s tip and is most concentrated
within 13 mm of the face of the tip; (ii) the energy
pattern from the tip of the horn has a tendency to push
away solid particles (in this case the cross-linked cells):
if the tip is placed too deep in the liquid, most of the
solid will not receive treatment, but simply spin or cir-
culate around the container; (iii) violent motion on the
surface and foaming result in loss of energy coupled to
the solution. The addition of microglass beads (0.1-0.5
mm diameter) improves the shearing efficiency. A ratio
of 1 part glass beads to 3 parts liquid is recommended.

We routinely use the Branson Model 250 sonifier with
microtip at constant power. Each 5-ml sample is kept on
ice—salt or ice—ethanol in a glass beaker put on a lab
jack and the microtip appropriately immersed. The out-
put control is slowly advanced to setting 5 (an output of
60-70 W) and the sample sonicated for 30 s. This treat-
ment is repeated twice with 1-min intervals. Mechanical
shearing is effective during these steps; however, longer
treatments do not improve the disruption. In SL2 cells
fixed for 1 h, this produces DNA fragments of an average
size of less than 1 kb. The efficiency of sonication can be
checked by examining 10 ul of the sample under phase-
contrast microscopy. The sample should be devoid of in-
tact cells or large particles.

3. Chromatin Purification by Isopycnic Centrifugation

Samples are adjusted to 0.5% Sarkosyl (sodium
lauryl sarcosine) and gently swirled for 10 min at room
temperature. Debris is eliminated by centrifugation for
5 min at 15,000g. Nonchromatin-bound cross-linked
proteins, together with naked DNA and RNA, are elim-
inated by cesium chloride isopycnic centrifugation.
Samples are adjusted to 1.42 g/cm? CsCl (567.8 mg/ml),
brought to 5 ml with the same TE-sarkosyl buffer, and
centrifuged in a Beckman SW55Ti rotor at 40,000 rpm
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for 72 h at 20°C. A refractometer may be used to check
the exact density. It is important not to overload gradi-
ents; at the end of the run a broad sarkosyl/lipid/protein
aggregate is visible at the top of the gradient. Virtually
all the sarkosyl is eliminated in this way (10, 11). The
larger the aggregate the higher is the chance that the
chromatin will become trapped in it and eventually be

IP DNA

FIG. 1.

lost. Normally, for the above-mentioned starting mate-
rial, four gradients are run in parallel (approximately
200 ug DNA per gradient).

4. Collection and ldentification of Chromatin Fractions

Fractions of 0.4 ml are collected from the bottom of
the gradient using a 0.25-mm capillary connected to a

Cross-link whole cells
with formaldehyde

Sonicate to produce
sheared, soluble chromatin

(Purify on caesium
chloride gradient)

Immunoprecipitate with
specific antibodies

(Purify immuno-complexes
on Protein-A Sepharose)

Reverse cross-links
and purify DNA

A:
Slot blot and probe with
known DNA sequence

B:

Amplify by linker-mediated
PCR and use as probe on
Southemn of genomic
region of interest

Summary of the formaldehyde cross-linking and immunoprecipitation method. Whole cells are cross-linked with formaldehyde

and soluble, sheared chromatin is isolated. Antibodies against a protein of interest are used to immunoprecipitate from chromatin and
specifically bound DNA is purified. (A) Slot blot analysis. Immunoprecipitated DNA (IP DNA) from plus (Ab+) and minus (Ab—) antibody
immunoprecipitations is immobilized on slot blot and probed with known genomic DNA sequences. (B) Southern analysis. After PCR
amplification, immunoprecipitated DNA is used as a probe on a Southern blot.
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peristaltic pump. A lab jack under the pump is conve-
nient at this step to lower the capillary into the bottom
of the centrifuge tube without turbulence. Ten microli-
ters of each fraction is analyzed by scintillation count-
ing, to identify peak DNA—chromatin-containing frac-
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tions (normally corresponding to 0 = 1.39 g/cm?; see
Fig. 3). Three to four fractions are pooled and dialyzed
overnight at 4°C against 5% glycerol, 1 mm Na-EDTA,
0.5 mm Na-EGTA, 10 mm Tris—HCI, pH 8.0, using mi-
cro-collodion bags (Sartorius). Fixed chromatin can be
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FIG. 2. Chemical cross-linking of DNA and proteins by formaldehyde. Formaldehyde (HCHO) is a very reactive dipolar compound in
which the carbon atom is the nucleophilic center. Amino and imino groups of proteins (e.g., the side chains of lysine and arginine) and of
nucleic acids (e.g., cytosine) react with formaldehyde, leading to the formation of a Schiff base (reaction I). This intermediate can react
with a second amino group (reaction Il) and condenses (19, 20). Cross-links may be reversed by heating in Tris—HCI-containing buffers.
This leads to a drop in pH and protonation of amino groups, thus forcing the equilibrium in the reverse direction. (a) Formaldehyde-
mediated cross-linking between the side chains of two lysines. (b) Cross-linking between cytosine and lysine.
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stored for several months at —80°C in small aliquots
suitable for immunoprecipitation. For our purposes ali-
quots of approximately 0.5 ml, containing 30—60 ng of
DNA, were used. DNA content can be estimated by
reversing the cross-links of a small aliquot of the puri-
fied chromatin (Section 6; Ref. 6).

5. Immunopurification of Cross-linked Chromatin

Prior to immunoprecipitation of fixed chromatin, it
is absolutely necessary to test the antibody to check its
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FIG. 3. Gradient profile of cross-linked DNA. Panel (a) is from
cells that were well cross-linked panel (b) is from cells that were
insufficiently cross-linked. After formaldehyde cross-linking,
[methyl-*H]thymidine-labeled cells were disrupted by sonication,
and chromatin was purified on a cesium chloride gradient. Nine to
ten gradient fractions were collected, and the total *H counts in each
fraction were measured (bottom panels). Fraction 1 is from the bot-
tom of the gradient and fraction 9 from the top. In (a) the majority
of the DNA is in fractions 7-9 and is maximum in the fraction
corresponding to a density of 1.39 g/cm?, the position of DNA—protein
complexes. In (b) most of the DNA is at the bottom of the gradient
(density 1.66 g/cm®), the position of noncovalently cross-linked DNA.
The cross-links were reversed, and the DNA was purified and run
on a 0.5% agarose gel (top panels). On the left side of each gel is
a molecular weight marker (lambda EcoRI-HindlIl), with various
fragment sizes shown. In (a) the cross-linked DNA in fractions 7—9
has an average size of 2—3 kb, thus indicating that it is slightly over-
cross-linked. In (b) the average size of DNA in fractions 1-3 is less
than 500 bp, another indication of insufficient cross-linking.

compatibility with the detergents utilized. The condi-
tions described below work well for rabbit polyclonal
antibodies and are considered to be very stringent (7,
8). Interestingly, some proteins seem to be better or
even only immunoprecipitated under high-detergent
conditions. This is probably due to solubility problems
circumvented in stringent buffers. Samples of fixed
chromatin are adjusted to RIPA buffer (1% Triton X-
100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mm
NaCl, 1 mm PMSF) by adding each component sequen-
tially and mixing gently for 2 min between additions.
As a preclearing step 20—60 ul of 50% (v/v) protein A—
Sepharose CL4B (Pharmacia; equilibrated at 100 mg/
ml in RIPA buffer) can be added, incubated for 1 h at
4°C, and removed by centrifugation at 12,000g for 1
min. A suitable amount of antibody (0.2—1 ng) is added
to a fixed chromatin aliquot and incubated on a rocking
platform overnight at 4°C. Excess antibody results in
higher overall DNA vyields, but a lower specificity of
antibody binding, and thus lowers the relative enrich-
ment of specifically immunoprecipitated DNA. In par-
allel, a control immunoprecipitation with no antibody
should be carried out. Immuno-complexes are recov-
ered by adding 10—-50 ul of 50% (v/v) protein A—Sepha-
rose to the sample and incubating with rocking for 3 h
at 4°C. However, Protein A is not efficient in binding
to mouse monoclonals (12). When mouse monoclonal
antibodies are used, precoated beads should be avoided
(e.g., rabbit anti-mouse 1gGs) but rather specific mag-
netic dynabeads (Dynal) or GammaBind Plus (Phar-
macia) should be used. Note that 1gG-coupled Dyna-

FIG. 4. The average size of chromatin fragments is dependent on
the extent of cross-linking. To the left and right sides of the gel
are molecular weight markers (lambda EcoRI-HindlIl and pBR328
Bgl1/pBR328 Hinfl, respectively), and approximate fragment sizes
are indicated. Lane 1 shows chromatin that is too large and lane 2
shows chromatin of an optimal average size (600 bp).
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beads have a 10 times lower capacity than Sepharose-
coupled ones.

Immunocomplexes are pelleted at 12,0009 for 20 s,
and the pellets are washed five times for 10 min each
in 1 ml of RIPA buffer, once in 0.25 m LiCl, 0.5% NP-
40, 0.5% sodium deoxycholate, 1 mm Na-EDTA, 10 mm
Tris—HCI, pH 8.0, and twice in 1 mm Na-EDTA, 10 mm
Tris—HCI, pH 8.0. Pellets are finally resuspended in
100 pl of 1 mm Na-EDTA, 10 mm Tris—HCI, pH 8.0.

6. Reversal of Cross-links and DNA Purification

DNase-free RNase at 50 ug/ml is added to the im-
munoprecipitated chromatin and incubated for 30
min at 37°C. To purify the immunoprecipitated DNA,
samples are adjusted to 0.5% SDS, 500 pg/ml Protein-
ase K (Boehringer) and incubated for several hours
(best overnight) at 37°C. A further treatment for 6 h
at 65°C is necessary to complete the reversal of cross-
links (6). Samples are extracted once with phenol—
chloroform and the organic phase is back-extracted
with 1 vol of 50 mm Tris—HCI, pH 8.0. Samples are
then extracted once with chloroform—isoamyl alco-
hol; the DNA is precipitated in the presence of 20 ug
glycogen as carrier and then resuspended in a suit-
able volume of buffer according to successive manipu-
lations. Typically, from a 500-ul aliquot of chromatin
containing 30—60 ug DNA, our immunoprecipitation
experiments gave a yield of 1-10 ng purified DNA.
For convenience, a chromatographic detection sys-
tem (e.g., DNA DipStick Kit, Invitrogen) could be
used for quantifying such small amounts of DNA. It
is our experience that if too-large amounts of DNA
are obtained from the immunoprecipitation (e.g., 1 ug
out of 50 pg), nonspecific enrichments are expected.

In addition, the enrichment of a particular protein
from cross-linked chromatin can be tested. In this case
cells must be labeled with a pulse of radioactive amino
acids before fixation and chromatin purification. After
immunoprecipitation cross-links are reversed by boil-
ing in SDS-denaturing buffer for at least 30 min. Sam-
ples are run directly on a denaturing gel and analyzed
by autoradiography.

7. Analysis of Immunoprecipitated DNA and
Identification of Binding Sites

There are two potential steps in the analysis of im-
munoprecipitated DNA. The first requires at least a
known or suspected putative target sequence. In this
case the specificity and efficiency of the immunoprecipi-
tation can be tested by hybridizing this particular se-
guence to the bulk of the immunoprecipitated DNA in
a slot blot experiment (7, 8, 13). Typically, half of the
immunoprecipitated DNA would be immobilized on a
nylon membrane by slot blot. Relative enrichment for
a potential target sequence can be determined by com-
paring the hybridization of a specific probe to immuno-
precipitated DNA, DNA from a control immunoprecipi-

tation (with no antibody), or a known amount of
genomic DNA. Figure 5 shows the results of such an
analysis, in which the Mcp element, a target sequence
for the Polycomb protein in the bithorax complex (BX-
C) of Drosophila, is specifically enriched in Polycomb
immunoprecipitations.

If no sequence is known or if the distribution of a
regulatory factor over a large genomic region is the aim
of the investigation, then the immunoprecipitated DNA
itself can be used as a probe in a Southern analysis as
described in Section 9. The latter case normally re-
quires a PCR step that is described in Section 8. A PCR
amplification step for slot blot analysis may also be
necessary in the case of low immunoprecipitation effi-
ciency (13).

8. Amplification of Immunoprecipitated DNA by Linker-
Modified DNA PCR

To have enough DNA to be labeled and used as a
probe in Southern analysis a linker-modified DNA PCR
strategy is carried out. Immunoprecipitated DNA is
digested with a restriction enzyme and ligated to an
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probe: heat shock
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FIG. 5. Mcp sequences are enriched in immunoprecipitated Pc-
containing chromatin. Slot blot analysis of the DNA obtained from
immunoprecipitation of crosslinked chromatin with (+anti-Pc) and
without (—anti-Pc) anti-Pc antibodies. (a) Equal amounts (~1 ng) of
decross-linked purified DNAs from immunoprecipitations with and
without anti-Pc antibodies (PELLET) were applied onto individual
slots on a nylon filter in a slot blot apparatus and hybridized with
the 5.2-kb EcoRI fragment covering the Mcp element of the bithorax
complex of Drosophila. An aliquot (~100 ng) of the supernatants
(SN) from the same immunoprecipitations, loaded aside as a control,
shows no enrichment. As a positive control genomic equivalents of
the 5.2-kb EcoRI Mcp fragment (70 and 7 pg) and 200 and 20 ng of
SL-2 genomic DNA were loaded. (b) The same filter as described in
(a) stripped and rehybridized with a 10-kb EcoRI fragment derived
from the heat shock 87°C locus of Drosophila. No major enrichment
for the heat shock sequences is observed. Due to an underloading of
the 10-kb heat shock fragment, the signal in the positive control is
weaker than expected. The weak signal with the heat shock probe
in the +anti-Pc slot was due to incomplete stripping of the Mcp probe
from the filter before rehybridization. (From V. Orlando and R. Paro,
Cell 75, 1187-1198, 1993, reprinted with permission of Cell Press.)
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appropriate linker with a compatible end. Oligonucleo-
tide primers homologous to the linker sequences are
subsequently used to amplify the internal genomic se-
guences. It should be noted, however, that restriction
fragments of different sizes may not amplify with equal
efficiency. This effect must be taken into account if the
relative distribution of a protein within a given geno-
mic region is being investigated. If the genomic se-
guence is available, the distribution of restriction sites
can be analyzed, particularly in terms of identifying
very large fragments that may amplify poorly. To ob-
tain accurate binding profiles, it may be necessary to
compare the results obtained with immunoprecipitated
DNA cut with a variety of restriction enzymes.

To prepare the adapter, two oligonucleotides, a 24-
mer of sequence 5'GATCAGAAGCTTGAATTCGAG-
CAG and a 20-mer of sequence 5’CTGCTCGAATTC-
AAGCTTCT (14), are synthesized. Only the 24-mer is
5’ phosphorylated using standard methods. Equimolar
amounts of the two oligonucleotides are mixed and al-
lowed to anneal.

To produce cohesive ends for the adapter, DNA from
plus and minus antibody immunoprecipitations is re-
suspended in 9 ul of Ndell* buffer (10 mm MgCl,, 0.15
M NacCl, 10 mm Tris—HCI, pH 7.6) and digested for 1
h at 37°C with 4 U of Ndell (Boehringer). The reaction
is stopped on ice and the DNA is precipitated with
ethanol in the presence of 0.3 m sodium acetate, pH
5.2, and 20 pg glycogen as carrier. After precipitation,
DNA (approximately 1 ng) is resuspended in 9 ul ligase
buffer (10 mm MgCl,, 5 mm S-mercaptoethanol, 2 mm
ATP, 10 mm Tris—HCI, pH 7.5) containing linker at a
final concentration of 0.5 um. Ligation is carried out by
the addition of 4 U of T4 DNA ligase (Boehringer) and
incubation at 4°C for 24 h. We find that ligation can be
a critical step: linker concentrations higher than 5 um
result in no PCR products. For 1 ng chromatin DNA 1
pmol linker is used. The ligated mixture is directly
used as a template in a 100-ul PCR using Taq | poly-
merase, 250 um each deoxynucleotide, and the corre-
sponding reaction buffer. Under these conditions, the
final MgCl, concentration is 2.5 mm. The primer used
is the 20-mer oligonucleotide described above, added to
a final concentration of 1 um. Amplification is per-
formed using one cycle of 94°C for 2 min; 35 cycles of
94°C for 1 min, 55°C for 1 min, and 72°C for 1 min; and
1 cycle of 94°C for 1 min, 55°C for 1 min, and 72°C for
10 min.

9. Southern Analysis and Mapping of Binding Sites
in DNA

The immunoprecipitation enriches for DNA targets
of a particular protein. This enriched chromatin frac-

4 Ndell restricts DNA in a methylation-sensitive manner. There-
fore this enzyme may not be appropriate for use in cell types where
the genome is methylated.

tion DNA can be used as a probe to scan genomic re-
gions and determine the in vivo distribution of regula-
tory proteins. Typically, genomic clones covering the
region of interest are digested with restriction en-
zymes, the DNA fragments are separated by agarose
gel electrophoresis and immobilized onto a hybridiza-
tion membrane, and the filter is hybridized with the
immunopurified chromatin DNA fraction.

When the immunopurified DNA is used as a probe,
the amplified DNA is freed from linkers prior to radio-
labeling. After PCR (Section 8), samples are extracted
once with phenol-chloroform, extracted once with chlo-
roform—isoamylalcohol, and ethanol precipitated.
Linkers are removed by digesting the DNA with 4 U
of Ndell as described above and separating by gel filtra-
tion (Chroma-spin TE-100, Clontech). DNA probes (50—
100 ng DNA) are routinely labeled by oligonucleotide
random-primed DNA synthesis with [«-**P]dCTP (sp
act 3000 Ci/mmol, Amersham).

We apply a very stringent hybridization procedure
(15), using Genescreen Plus nylon membranes (Du
Pont). Briefly, membranes are prehybridized for 3 h at
65°C in 7% SDS, 1 mm Na-EDTA, 1% BSA, 0.5 m
NaHPO,, pH 7.2 (1 m NaHPO,, pH 7.2 stock is 0.5 m
Na,HPO, with the pH adjusted with ca. 4 ml/liter or-
tho-phosphoric acid; at pH 7.2, [Na*] = 1 m). Heat-
denatured labeled DNA is added directly to the prehy-
bridization solution, and hybridization is allowed to
continue for 5—-16 h at 65°C. Filters are washed at 65°C
once for 10 min in 5% SDS, 1 mm Na-EDTA, 0.5% BSA,
40 mm NaHPO,, pH 7.2, and at least four times for 5
min each in the same buffer but containing 1% SDS.

Figure 6 shows the results obtained using DNA from
chromatin immunoprecipitated with anti-Polycomb an-
tibodies as a probe against the BX-C genomic walk of
Drosophila. Binding sites are scored all along the re-
pressed region of the complex (Ultrabithorax and ab-
dominal-A genes) whereas the active region (Abdomi-
nal-B) is devoid of Pc protein, consistent with the role
of Pc as a chromatin domain-organizer (8). This result
testifies to the substantial efficiency of the chromatin
immunoprecipitation. In a conventional Southern hy-
bridization analysis, the minimum amount of probe re-
quired for rapid (few hours) binding and detection (high
specific activity) is at least 1 ng DNA.

10. Quantification of Hybridization Signals

In many cases the immunoprecipitated DNA will
only hybridize to limited, discrete elements in a given
genomic walk (e.g., if the immunoprecipitation utilized
antibodies against a transcription factor). However,
when analyzing chromatin components such as Poly-
comb protein, extended genomic regions may hybridize
(see Fig. 6). In this case it could be useful to quantify
the hybridization signal of each genomic fragment to
determine the relative distribution of the immunopre-
cipitated protein on the DNA. Hybridization signals
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are quantified using a Phosphorlmager apparatus (Mo- are normalized to take account of the molecular weight
lecular Dynamics), and the integrated value of each difference between bands, and these values can be plot-
band is determined using PC software (ImageQuant), ted along the genomic walk, to give a profile of protein
connected to the Phosphorlmager. The resulting values  binding (see Fig. 7).

© W D O W N © I WD T O W N
SRR e N S8 88Nsg8s s 888¢8
sVANNAAINATTNNANNANNODDD® = & 3 0 2
Rk RRRRRR R RRRRRRRRR AR R R R R
‘--.;',-“‘- - -
— -

FIG. 6. Southern hybridization of immunoprecipitated and PCR-amplified fragments to the bithorax complex walk. (Top) Equal amounts (~0.5
ug) of each of 27 overlapping lambda Charon 4 clones covering the 300 kb of the BX-C walk were digested with EcoRIl and resolved on a 0.5%
agarose gel. \2261 and \2250 were digested with EcoRI-BamHI and A\2235 was further digested with Sall. The order on the gel from left to right
reflects the proximal—distal order of the clones on the map. A2255 and A2265 were inverted by mistake. Visible molecular weight marker fragments
(lambda HindlIl) sizes are 23.1, 9.4, 6.6, 4.4, 2.3, 2.0, and 0.56 kb. (Middle) The gel shown above was transferred onto Gene Screen Plus membrane
(Du Pont) by capillary blot and hybridized with **P-labeled total DNA from chromatin immunoprecipitation with anti-Pc antibodies. (Bottom) The
same filter rehybridized with total DNA from a chromatin immunoprecipitation without antibodies. (From V. Orlando and R. Paro, Cell 75, 1187—
1198, 1993, reprinted with permission of Cell Press.)
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One problem in such a quantification is to determine
the level at which hybridization rises above back-
ground and is specific to the immunoprecipitation. For
regions where the enrichment is large (for example in
Polycomb immunoprecipitations), this background be-
comes negligible; however, the signal-to-background
ratio may become significant in cases where a particu-
lar sequence is only weakly enriched during the immu-
noprecipitation. For example, if genomic DNA is hy-
bridized for long periods to the genomic walk, a uniform
hybridization of all bands may be seen. A number of
solutions to this problem can be suggested. First, if
sequences are known that do not interact with the pro-
tein of interest, then the amount of hybridization to
these sequences can set the background level. Alterna-
tively the signals generated from hybridizing DNA
from control immunoprecipitations (labeled to the
same specific activity) can be quantified and subtracted
from the values of the actual immunoprecipitation.

[ Ultrabithorax | l

It should also be noted that repetitive elements will
always hybridize strongly (see bottom panel of Fig. 6
and white bars in Fig. 7). In these cases the signal
resulting from specific immunoprecipitation cannot be
accurately determined.

CONCLUSIONS

We have adapted this method to the analysis of low-
abundance DNA-binding transcription factors. We
have studied the distribution of the Drosophila tran-
scriptional activators of the trithorax group, brahma
and trithorax and of the homeodomain protein Abdomi-
nal-B (V. Orlando and R. Paro, unpublished results).
We were able to map their relative distribution over
the genomic region of the empty spiracles gene and
found that a major binding site for all three proteins
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FIG. 7. Profile of Pc binding sites in the bithorax complex. The organization of the complex is depicted in the upper part of the figure.
The regions of the Ultrabithorax (Ubx), abdominal-A (abd-A), and Abdominal-B (Abd-B) genes are drawn with their respective regulatory
regions identified from genetic rearrangements. Transcription units are shown below with the corresponding exon structures as black boxes.
The location of the presumptive boundary elements Mcp between iab-4 and iab-5, and Fab7 between iab-6 and iab-7 and of a postulated
element X between iab-5 and iab-6 are shown. Below, the line depicts the distribution of EcoRI sites in the BX-C of Canton-S wild-type
flies, and the \ clones covering the region. The bottom part of the figure shows the distribution of Pc in the complex as deduced from the
guantitation of the hybridization intensities of the immunoprecipitated chromatin fragments. Bars represent in heights the absolute values
of each individual fragment (given in arbitrary values) and in width the covered region on the map. The white bars indicate the fragments
containing repetitive elements (M-repeats) that hybridized also with the control fraction without anti-Pc antibodies, thus making a precise
guantitation impossible. (From V. Orlando and R. Paro, Cell 75, 1187-1198, 1993, reprinted with permission of Cell Press.)
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coincide with an enhancer element previously identi-
fied by reporter gene analysis (16). Interestingly, we
find that the Abdominal-B protein in vivo has many
binding sites scattered over an extended region of the
empty spiracle gene. This distribution profile of a ho-
meodomain protein obtained with the formaldehyde
cross-linking method correlates with a similar analysis
utilizing UV cross-linking (17; see also Biggin and Wal-
ter, 21). The sensitivity of the method relies heavily
on the availability of high-quality antibodies that can
immunoprecipitate the antigen of interest very effi-
ciently. If this situation is given we find that the
method also permits the detection of in vivo binding
sites of low-abundance proteins. Indeed, this methodol-
ogy has been utilized to isolate target genes of a mouse
transcription factor, thus demonstrating that such an
approach can also be applied to more complex genomes
than Drosophila (18; H. Scholer, personal communica-
tion).

A major difficulty is presented in the discrimination
of background versus real signal in the Southern analy-
sis. In this respect, it is very helpful if known or sus-
pected target sequences can be utilized in conjunction
with nonspecific sequences as internal controls to es-
tablish the baseline level above which a hybridization
sighal can be taken as showing a real target element.
In addition one should keep in mind that the hybridiza-
tion profiles that are generated over extended genomic
regions (see Fig. 7) reflect the fact that a three-dimen-
sional, higher order structure was cross-linked. Thus,
an immunoprecipitated fragment might not necessarily
represent a directly interacting DNA partner of the
protein but could also uncover a distant site which was
in contact through the multimeric protein interactions
of the chromatin structures. Therefore, the identifica-
tion of interacting DNA elements by the in vivo cross-
linking method will always require subsequent alter-
native assay systems to identify the physiologial func-
tion of the immunoprecipitated fragment in the context
of the mechanisms of gene regulation, chromosome-me-
chanics, etc. Formaldehyde is one of the most fre-
guently used fixatives in biological research as it pene-
trates the cell very efficiently and maintains the

complex cellular structures in a remarkably intact
form. The approach we present should provide a power-
ful tool to decipher the elusive higher order structures
of chromatin.
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