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Abstract

Background: Establishing transcriptional regulatory networks that include protein-protein and
protein-DNA interactions has become a key component to better understanding many
fundamental biological processes. Although a variety of techniques are available to expose protein-
protein and protein-DNA interactions, unequivocally establishing whether two proteins are
targeted together to the same promoter or DNA molecule poses a very challenging endeavour.
Yet, the recruitment of multiple regulatory proteins simultaneously to the same promoter provides
the basis for combinatorial transcriptional regulation, central to the transcriptional regulatory
network of eukaryotes. The serial ChIP (sChlIP) technology was developed to fill this gap in our
knowledge, and we illustrate here its application in plants.

Results: Here we describe a modified sChIP protocol that provides robust and quantitative
information on the co-association or exclusion of DNA-binding proteins on particular promoters.
As a proof of principle, we investigated the association of histone H3 protein variants with modified
tails (H3K%ac and H3K9me2) with Arabidopsis RNA polymerase Il (RNPII) on the promoter of the
constitutively expressed actin gene (At5g09810), and the trichome-expressed GLABRA3 (GL3) gene.
As anticipated, our results show a strong positive correlation between H3K9%ac and RNPIl and a
negative correlation between H3K9me2 and RNPII on the actin gene promoter. Our findings also
establish a weak positive correlation between both H3K9ac and H3K9me2 and RNPII on the GL3
gene promoter, whose expression is restricted to a discrete number of cell types. We also describe
mathematical tools that allow the easy interpretation of sChIP results.

Conclusion: The sChIP method described here provides a reliable tool to determine whether the
tethering of two proteins to the same DNA molecule is positively or negatively correlated. With
the increasing need for establishing transcriptional regulatory networks, this modified sChIP
method is anticipated to provide an excellent way to explore combinatorial gene regulation in

eukaryotes.
Background tions. Therefore, transcriptional regulation has been an
In both eukaryotes and prokaryotes, regulation of gene  active field of biological research over the past couple of
expression is an essential process for most biological func-  decades [1]. The proteins involved in transcriptional regu-
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lation include the basic transcriptional apparatus and
associated factors, such as the RNPII, the TATA-binding
protein (TBP) and TBP-associated factors (TAFs),
sequence-specific DNA-binding proteins and interacting
cofactors, as well as histones and histone modifying pro-
teins [2]. Proteins corresponding to several of these
groups can form together a complex on the promoters of
particular genes and facilitate the coordination between
transcription initiation and elongation [3,4].

Establishing which proteins are located on any given gene
promoter at a particular time will certainly contribute to
understanding transcriptional regulation and the result-
ing gene regulatory networks. The genome-wide identifi-
cation of transcription factor-DNA-interactions (TF-DNA)
by high-throughput analyses such as chromatin immuno-
precipitation (ChIP) coupled with the hybridization of
promoter or tiling arrays (ChIP-chip) [5], as well as ChIP
combined with massively parallel DNA sequencing
(ChIP-Seq) [6] provide useful information on which reg-
ulators are targeted to which particular promoter
sequences. However, such experiments fail to capture
whether two TFs might be located together to the same
promoter in the same cells simultaneously, or whether
they bind to the same promoter but at different times or
in different cells. High-throughput protein-protein inter-
action analyses, such as yeast two-hybrid [7] or TAP-tag-
ging experiments [8], provide information on whether
two regulatory proteins interact, yet they cannot deter-
mine whether the interaction is occurring on the DNA, for
example, as part of the regulation of a common target, or
before the two proteins are tethered to the DNA. Moreo-
ver, many of the proteins in a transcriptional complex
may not necessarily physically interact, thus conventional
methods to detect protein-protein interactions are not
suited to determine the overall composition of the com-
plex.

The serial ChIP (sChIP) technique (a.k.a. re-ChIP and
double ChIP) was recently developed to study the simul-
taneous association between two DNA-binding proteins
on the same promoter, and was applied to yeast and
mammalian system [9-15]. In brief, after the first ChIP is
performed with antibodies for one of the proteins, a sec-
ond ChIP is conducted on the DNA-protein complex from
the first ChIP using an antibody that recognizes the sec-
ond protein. As is the case for regular ChIP, the presence
of a particular promoter fragment after the sChiP is veri-
fied by PCR. Thus, sChIP permits to establish the possible
co-localization or exclusion of the two proteins on the
same promoter (Fig. 1).

As part of the formation of the pre-initiation complex,
RNPII is recruited to a region proximal to the transcription
start site (TSS) of genes. Acetylated lysine 9 on histone H3
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(H3K9ac) loosens the chromatin, which in turn facilitates
the recruitment of TFs resulting in transcription [16]. In
contrast, di-methylation of lysine 9 on histone H3
(H3K9me2) provides one of the markers associated with
gene silencing and transcriptional repression [16]. There-
fore, for genes transcribed at a particular time, H3K9ac
and RNPII are expected to be present together (Fig. 1a),
something that has been experimentally confirmed in
human cells [17]. Similarly, for an expressed gene, the
exclusion between RNPII and H3K9me?2 is expected (Fig.
1b) [17].

Although sChIP has been used in a few instances to inves-
tigate whether two proteins co-localize to a particular gene
promoter in yeast and animals, the technique has not
been yet applied to plants. Most of these previous studies
have focused on co-localization, yet exclusion of two pro-
teins provides equally important information. Here, we
describe a robust and reliable approach for sChIP in
plants. By taking Arabidopsis RNPII and H3K9ac/
H3K9me2 as examples, we show that sChIP is powerful in
establishing the co-association (RNPII and H3K9ac) and
exclusion (RNPII and H3K9me2) between two proteins
on the same gene promoter. In addition, we show that for
the GL3 gene promoter, intermediate levels of RNPII and
H3K9ac/H3K9me?2 association are observed, consistent
with the cell-specific expression pattern (trichomes) of
this gene in mature green plant tissues. Thus, this modi-
fied sChIP method provides a feasible and promising
method to start uncovering the combinatorial transcrip-
tional regulation code for plants.

Results and discussion

Modified sChIP

The standard ChIP and sChIP procedures are often associ-
ated with significant false positive and false negative
results, which require extensive validation of identified
interactions. In large part, this is due to variability in cross-
linking and immunoprecipitation (IP), as well as by qual-
ity of the antibody used. As a first step in increasing the
reliability of sChIP results, we developed a modified
sChIP procedure (Fig. 2) based on standard ChIP [18,19]
and sChIP procedures [13] and combining them with
quantitative real-time PCR (qPCR) after each ChIP step,
and careful data normalization and analysis.

Theoretical calculations and predictions

Definitions and assumptions

1. "0" represents the percent of a promoter bound only by
one DNA-associated protein (DBD1), "p" the percent of
the same promoter bound by the second DNA-associated
protein (DBD2), and "q" the percent of the promoter
bound by both proteins.
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Models for combinatorial transcription regulation
between two proteins. (a) The co-localization of two
DNA-associated proteins DBD | and DBD2 on the same
gene X in the same cell. (b) The exclusion of two DNA-asso-
ciated proteins DBD| and DBD2 on the same gene X in the
same cell. Both DBD| and DBD2 can bind to the gene X, but
in different cells.

2. We define ChIP efficiency as the percentage of the DNA
that was ChIPed with a particular antibody to the same
DNA bound by a particular protein in the corresponding
input fraction, which can be the original chromatin for
the first round of ChIP, or the DNA ChIPed by the first
antibody in the second round of ChIP.

3. While it is tempting to assume that the ChIP efficiency
is the same for the first and second IP using the same anti-
body and conditions, our experiments have shown that
the ChIP efficiencies are very different (not shown). Thus,
the ChIP efficiency for the DBD1 antibody at the first
ChIP is "m1", and for the second ChIP is "m2". The ChIP
efficiency for the DBD2 antibody is "n1", and "n2" for the
second ChIP.

4. Actin (At5g09810) provides an example of a constitu-
tively expressed gene in Arabidopsis [20], and primers in
the 5' UTR of this gene (Fig. 3a) were used to evaluate the
ChIP efficiency by qPCR (Materials and methods).

5. GL3 (At5g41315) provides an example of a gene that is
expressed initially in the epidermis of young leaves and, as
the leaf develops, becomes restricted to trichomes [21].
Primers for the promoter region of this gene were used
(Fig. 3a) [18].
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According to the scheme provided in Fig. 2, "A" denotes
the ratio of sChIP final targeted DNA product using the
DBD1 antibody followed by the DBD1 antibody to the
starting targeted DNA; "B" denotes the sChIP using the
DBD1 antibody followed by the DBD2 antibody; "C"
denotes the sChIP using the DBD2 antibody followed by
the DBD1 antibody; "D" denotes the sChIP using the
DBD?2 antibody followed by the DBD2 antibody.

Therefore, the ratio of final product "A or B or C or D"
after sChIP to the total actin DNA in the sample can be cal-
culated as follows:

A=0*ml *m2
B=q*ml *n2
C=q*nl *m2
D=p*nl *n2
Then,
C/D=q*nl*m2/(p*nl *n2)=q* m2/(p * n2)
A/B=0*ml * m2/(q * ml * n2) =0 * m2/(q * n2)
Thus,

(C/D)/(A/B) = (q * q)/(o * p)

If two proteins are always present together at the same
promoter molecule (perfect co-localization) (Fig. 1a), q =
o = p. Therefore, C/D = A/B and (C/D)/(A/B) = 1.

If two proteins are never present together (exclusion) at
the same promoter molecule (Fig. 1b), q = 0. Then, C/D
will be significantly smaller than A/B, and (C/D)/(A/B) <<
1.

Serial ChIP applied to RNPII, H3K9ac and H3K9me2

To test this modified sChIP method, we used two well-
characterized proteins: RNPII and different histone H3
variants (H3K9ac and H3K9me2) as examples. As a con-
stitutive expressed gene, the actin 2/7 gene (At5g09810)
was used here as the target for both histone modifications
and RNPII. As a trichome-specific gene, GL3 was used as
non-constitutive expressed target. Using the antibodies
for H3K9ac (corresponding for example to DBD1 in Fig.
2) and RNPII (corresponding for example to DBD?2 in Fig.
2), sChIP was conducted on three biological replicates as
described in Material and methods.

After quantified by qPCR, the "A", "B", "C", "D" values
were calculated as the ratio of final ChIPed target DNA
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Figure 2

Flow chart describing the modified sChIP procedure. From Arabidopsis chromatin, the first ChIP was performed using
antibodies that recognize either the DBDI| or DBD?2 proteins, following the standard ChIP procedure. After washing and elu-
tion, the second ChlIP was done using the antibody for either the DBD| or DBD2 proteins on the products of the first ChlIP.
The amount of actin and GLABROUS3 (GL3) DNA present at each step (before and after ChIP) was evaluated using qPCR.
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sChIP data using antibodies for RNPII and histone proteins. (a) Primer positions on the actin 2/7 and GL3 genes. (b)
sChlP data on actin 2/7 using antibodies for H3K9ac and RNPII, and H3K9me2 and RNPII. (c) sChlIP data on GL3 using antibod-
ies for H3K9me2 and RNPII, and H3K9me2 and RNPII. The (C/D)/(A/B) ratios from three biological replicates were shown in
(b) and (c). The error bar indicates the standard deviation of three technical replicates for the qPCR from each biological rep-
licate.
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after sChIP to ten times of the same DNA in the corre-
sponding original input fraction (1/10). The C/D and A/B
ratios (Fig. 2) then were calculated. The need for perform-
ing qPCR rather than evaluating gene products by agarose
electrophoresis is highlighted by the necessity to obtain
quantitative estimates of the amount of DNA precipitated,
and by the observation that the amount of DNA obtained
from the second ChIP is very low and often cannot be vis-
ualized by conventional ethidium bromide staining after
separation by agarose electrophoresis (not shown). Calcu-
lating the C/D and A/B ratios results in a normalization of
the natural differences in efficiency that exist in ChIP
experiments when using different antibodies. Despite the
variation that exists between biological replicates (Fig.
3b), likely a consequence of different cross-linking effi-
ciencies or chromatin quality, the A/B and C/D ratios are
very close, which also can be visualized by the proximity
of the (C/D)/(A/B) ratio to one (Fig. 3b). Indeed, there is
no significant difference between A/B and C/D (P = 0.45,
two-sided ¢ test), suggesting that on the promoter of actin
2/7, H3K9ac and RNPII co-exist, in agreement with the
biological evidence [22]. Thus, if there is no significant
difference between C/D and A/B, we can conclude that
two proteins co-localize to that specific promoter at the
same time.

To illustrate the exclusion of two proteins on the same
gene, sChIP was conducted on three biological replicates
using antibodies for H3K9me?2 (corresponding for exam-
ple to DBD1 in Fig. 2) and RNPII (corresponding for
example to DBD?2 in Fig. 2). The C/D and A/B ratios (Fig.
2) were computed based on qPCR data on ChIPed DNA
and input DNA from each of the fractions (Fig. 2). The C/
D ratio is much smaller than the A/B ratio in all three bio-
logical replicates, which results in the smaller (C/D)/(A/
B) ratio (Fig. 3b). There is a significant difference between
A/Band C/D (P =0.0002, two-sided ¢ test), indicating that
on the promoter of actin 2/7, RNPII and H3K9me2 local-
ization are inversely correlated (called exclusion here), in
agreement with the biological evidence that H3K9me2
marks transcriptional repression or silencing [21]. Thus, if
C/D is significantly smaller than A/B, we can conclude
that there is exclusion between two proteins on that spe-
cific promoter.

As a trichome-specific expressed gene, GL3 was used to
illustrate the situation that histone H3 and RNPII are not
always co-localized or excluded on the same promoter. As
shown in Fig. 3¢, there is a significant difference (P =
0.015, two-sided ¢ test) between A/B and C/D using
H3K9ac and RNPII, despite some variation between the
three biological replicates. These results suggest that there
is some level of exclusion between H3K9ac and RNPII on
the GL3 gene promoter, which is consistent with the cell
type restricted expression of GL3. Consistent with this,

http://www.plantmethods.com/content/4/1/25

there is also a significant difference (P = 0.008, two-sided
t test) between A/B and C/D using H3K9me2 and RNPII,
indicating that there is some exclusion between H3K9me2
and RNPII. Interestingly, we noticed that there is negative
correlation on (C/D)/(A/B) ratio between sChIP using
H3K9ac/RNPII and H3K9me2/RNPII, especially between
the first or third and the second biological replicate (Fig.
3¢, replicate 2), which happens to be in agreement with
the predicted biological functions of H3K9ac and
H3K9me?2.

Conclusion

Using several examples, we have demonstrated that the
modified sChIP method described here can be applied to
detect the co-localization or exclusion of two proteins on
the same DNA molecule in plants. Combined with qPCR
and data normalization, this method overcomes the natu-
ral variation of ChIP efficiency between biological repli-
cates and between different antibodies. As a proof of
principle for plants, the sChIP protocol described here
was proven to be highly reliable and sensitive, capturing
the biological evidence that suggests co-localization of
RNPII and H3K9ac, and the exclusion of RNPII and
H3K9me2 on a constitutively expressed actin gene. In
addition, and consistent with the cell-specific expression
pattern, intermediate values were obtained for GL3. With
the need for establishing the combinatorial transcrip-
tional regulation network of plants, this modified sChIP
method is likely to play a vital role in uncovering the co-
association or exclusion of two proteins on the same DNA
molecule.

Methods

Materials and reagents

Green tissues from ten days-old wild type Arabidopsis
plants (Columbia) grown under continuous light at 22°C
were used for sChIP experiments. The antibodies used for
ChIP were as follows: aH3K9ac from Abcam (ab12178),
oH3K9me2 from Abcam (ab7312), aRNPII CTD from
Abcam (ab5131).

Buffer A: 0.4 M sucrose; 10 mM Tris pH 8.0; 1 mM EDTA;
1 mM PMSF (Freshly added from a 100 mM PMSF stock
immediately before use); 1% formaldehyde

Lysis buffer: 50 mM HEPES pH 7.5; 150 mM NaCl; 1 mM
EDTA; 1% Triton X-100; 0.1% sodium deoxycholate;
0.1% SDS; 10 mM Na-butyrate; 1 mM PMSF, 1X plant
proteinase inhibitor cocktail (Sigma) (Freshly added from
a 100x stock immediately before use)

LNDET: 0.25 M LiCl; 1% NP40; 1% sodium deoxycholate;
1 mM EDTA

TE buffer: 10 mM Tris-Cl, pH 7.5; 1 mM EDTA
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Elution buffer: 1% SDS; 0.1 M NaHCOj4; 0.25 mg/ml Pro-
teinase K (Freshly added from a 10 mg/ml stock immedi-
ately before use)

Salmon sperm/protein A-agarose: from Upstate (16-157)

ChIP Procedure

1. Immerse ~240 mg of Arabidopsis green tissue into buffer
A in a 50 ml falcon tube and keep under vacuum (15-20
psi) for 20-40 min.

2. Add 2 M glycine to a final concentration of 0.1 M and
continue vacuum for 10 min.

3. Wash the tissue with excess amount of distilled water
and remove as much water as possible by kimwipe paper.

4. Grind tissue in liquid nitrogen and resuspend in 400 ml
of lysis buffer.

5. Shear DNA by sonication to a range of 100-1,000 bp
(~500 bp average) in an eppendorf tube. Using a Biorup-
tor (UCD-200TM, Diagenode Inc.), the sonication condi-
tions are as follows: 30 seconds of sonication followed by
30 seconds of break at high power with 40 minutes in
total.

6. Centrifuge at 10,000 x g for 10 min at 4°C.
7. Check the size of the DNA on a 1.5% agarose gel.

8. Pre-clear supernatant with 30 pl of salmon sperm/pro-
tein A-agarose slurry for rabbit polyclonal antibody for at
least 60 min with rotation at 4°C.

9. After centrifugation at 3,000 rpm for 1 minute, transfer
100 pl of supernatant into three new 1.5 ml eppendorf
tubes. Keep 10 pl as the input fraction and add the anti-
bodies into three 100 ul fractions (1 pul H3K9me?2 rabbit
polyclonal antibody, or 1 pul H3K9ac rabbit polyclonal
antibody or 1 pl RNP 1II rabbit polyclonal antibody).

10. Incubate overnight with rotation at 4°C.
11. Add 30 pl of salmon sperm/protein A-agarose slurry
and continue incubation with rotation at 4°C for at least

2 hours.

12. Centrifuge at 750 x g (3000 rpm for microcentrifuge)
for 1 min at 4°C.

13. Washes (at 4°C)

a) Add 0.5 ml of lysis buffer, invert 6 times, centrifuge at
750 x g for 1 min and discard supernatant.

http://www.plantmethods.com/content/4/1/25

b) Add 0.5 ml of lysis buffer, rotate for 5 min, centrifuge
at 750 x g for 1 min and discard supernatant.

¢) Add 0.5 ml of LNDET, invert 6 times, centrifuge at 750
x g for 1 min and discard supernatant.

d) Add 0.5 ml of LNDET, rotate for 5 min, centrifuge at
750 x g for 1 min and discard supernatant.

e) Add 0.5 ml of TE, invert 6 times, centrifuge at 750 x g
for 1 min and discard supernatant.

f) Add 0.5 ml of TE, rotate for 5 min, centrifuge at 750 x g
for 1 min and discard supernatant.

14. Add 40 pl of elution buffer and incubate at 65°C for
15 min.

15. Centrifuge at 750 x g for 1 min and transfer superna-
tant to new tube.

16. Repeat eluting steps. The final elution volume is 80 pl.
In parallel, add 70 pl of elution buffer into 10 pl of input
fraction for the 10% input control.

17. Incubate all samples overnight at 65°C.

18. Extract DNA by using PCR purification kit (QIAGEN).
Elute in 30 pl of EB buffer (Tris-HCI, pH 8.5).

sChIP

1. The immuno-complexes from the primary ChIP were
resuspended, after washing, by incubating with 10 mM
DTT at 37°C for 30 minutes.

2. After centrifugation at 3,000 rpm, the supernatant is
diluted 1:50 in the dilution buffer (1% Triton X-100, 2
mM EDTA, 150 mM NacCl, 20 mM Tris-HCl, pH 8.1).

3. Using another antibody (Fig. 2), secondary immuno-
precipitation was conducted in a similar manner as for the
primary ChIP.

qPCR and ChIP-PCR

Using SYBR-Green, qPCR experiments were conducted
with the primers targeting to TSS site (Fig. 3a) of actin 2/7
(At5g09810): actin 2/7-F: 5'-CATGTACTCGTITCGCIT-
TCC-3'; actin 2/7-R:5'-AGCAGCAAAATCAAGCGAAC-3'.
The primers for the promoter of GL3 (At5g41315): GL3-F:
5'-AAACGGCAACTGTTITCATCA-3;  GL3-R:  5'-TTCT-
GTTTTGTCCGGTAGCC-3".

For ChIP-PCR, actin 2/7-F and actin 2/7-R were used. The
PCR program was: 95°C for 5 min; 42 cycles of 95°C for
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30 sec, 50°C for 30 sec, and 72°C for 1 min; 72°C for 10
min.
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ChIP: chromatin immunoprecipitation;, DBD1: DNA-
associated protein 1; DBD2: DNA-associated protein 2;
H3K9ac: histone H3 lysine 9 acetylation; H3K9me2: his-
tone H3 lysine 9 di-methylation; qPCR: quantitative real-
time PCR; RNPII: RNA polymerase II; sChIP: serial ChIP;
TBP: TATA-binding protein; TAFs: TBP-associated factors;
TF: transcription factor; GL3: GLABRA3; TAP-tagging: tan-
dem affinity purification-tagging.
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