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which modulates gene expression (3, 4). The work
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Many proteins involved in the modulation of gene
xpression exert their function through direct inter-
ction with DNA. The sequence specificity of these
nteractions provides the basis for many regulatory

echanisms. The sites that are utilized by a tran-
cription factor are usually analyzed using in vitro
inding studies. To detect true in vivo binding sites
e developed a method, presented here, that allows

onstruction of recognition element DNA (reDNA)
ibraries which represent in vivo binding sites plus
anking sequences. reDNA libraries can be con-
tructed for any well-characterized transcription
actor. Here we used this method for an in vivo study
f genomic DNA elements that interact with the
ranscription factor c-Jun in rat cerebellum. © 1999

cademic Press

The elucidation of the mechanisms responsible for
ranscriptional regulation is one of the major chal-
enges in molecular biology. It is known that specific
rotein/DNA-interactions occur in distinct regula-
ory regions of genes, the sum of which largely de-
ermine the degree of transcription activation. Cur-
ently there are many different techniques available
o identify transcription factor binding sites in vitro
1, 2). Although protein/DNA-interaction studies in
itro provided very valuable information, it is quite
bvious that the information obtained by this means
oes not necessarily reflect the actual situation in
ivo since sites that are bound in vitro may not be
argets in vivo and vice versa. For instance, studies
n binding of proteins to DNA in vitro do not take
nto account the role of DNA-chromatin structure
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resented here describes the preparation of a library
f in vivo c-Jun binding sites using a nanosecond
igh energy UV-pulse irradiation of living tissue
hat allows to capture protein/DNA-complexes as
hey occur in vivo, by “nailing” the proteins to their
ctual binding sites (5, 6). c-Jun specific protein/
NA complexes were isolated by immunoprecipita-

ion, the associated DNA fragments were subse-
uently cloned and sequenced. The resulting
ecognition element DNA (reDNA) library represents
compilation of in vivo binding sites including flank-

ng sequences. This method can be applied for any
ell characterized DNA binding protein. The se-
uence information of the flanking sequences pro-
ides a valuable tool in the search for genome local-
zation and/or corresponding genes.

ATERIALS AND METHODS

Preparation of reDNA library. Thin slices of rat cerebellum
ere prepared in oxygenated Hank’s saline (Gibco) and irradiated

n petri dishes with a short pulse of UV-laser-light (10 ns, 10 to 15
J/cm2) (5, 6) (Fig. 1, A). Following irradiation, the tissue was

isrupted and the nuclei isolated. The nuclei were re-suspended in
ml of 10 mM Tris–HCl, pH 7.9, 150 mM NaCl, 10 mM MgCl2, 1
M DTT buffer and incubated with 50 units of BamHI at 37°C

Fig. 1, B). Then nuclei were lysed (Fig. 1, C), and overlaid on a
sCl gradient (Fig. 1, D) as described elsewhere (7). Upon ultra
entrifugation (Fig. 1, D) 200-ml fractions were collected and their
bsorption at 260 and 280 nm was measured. Tail fractions at 260
m (Fig. 1, E) were collected and dialyzed against 0.2% (w/v)
arcosyl, 50 mM Tris–HCl, pH 8.0, 2 mM Na–EDTA for 2 days. A
henol extraction was performed (Fig. 1, F) and molecules in the
queous phase were precipitated. After overnight digest (Fig. 1, G)
ith Sau3AI (500 U/ml) and RNAse A (200 mg/ml) in Sau3AI
uffer (supplied with the enzyme) the DNA was phenol extracted
nd precipitated as above. The DNA-sample was dissolved in 80 ml
f 0.5 M NaCl, 60 mM Tris–HCl, pH 7.5, 2 mM Na–EDTA and 1
M PMSF buffer (buffer A) and added to 500 ml protein
–Sepharose which was pre-incubated with c-Jun/AP-1 (AB-2)
olyclonal antibody (20 ml, Oncogene Science) for 4 h (Fig. 1, H).
fter an overnight incubation at 4°C on a low speed shaker, the
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amples were extensively washed with buffer A. The sample was
issolved in 300 ml of 10 mM Tris–HCl, pH 7.8, 5 mM Na–EDTA,
.5% (w/v) SDS and digested with 0.1 mg/ml Proteinase K at 37°C
vernight (Fig. 1, I). After phenol extraction and ethanol precipi-
ation the DNA is subjected to ligation-mediated PCR as followed
Fig. 1, J and K). The purified selected DNA was uptake in 10 ml
ater and half of the volume (5 ml) was ligated to 80 pmol of

FIG. 1. Outline of the experimental protocol. A detailed step by
tep description of the method is provided under Materials and
ethods.

FIG. 2. Southern blot analysis. Experiments were performed acco
enerated by random priming (50 mCi [a-32P]dATP/mg DNA) fro
NA-recognition element isolated from the aqueous phase with c-Ju
ntibody), lane 3 (aqueous phase, no antibody) and lane 4 (phenol ph
f 32P-labeled DNA marker molecules (pUC18, HpaII digest).
69
GG A-39; primer 2, 59-phosphorylated: 59-GAT CTC CTC TCG
AC AGG GA-3). One tenth of the reaction mixture (1 ml) was
xponentially amplified. The following conditions were used: total
olume of 20 ml containing 20 pmol of primer 1; 10 mM Tris–HCl,
H 8.3, 500 mM KCl, 1.5 mM MgCl2, 150 mM each of dATP, dCTP,
GTP, and dTTP, 2 units Taq Polymerase (USB); 15 cycles at
4°C of 1 min, 0.5 min at 52°C, 1.5 min at 72°C). To increase the
mount of amplified DNA, an additional PCR step (30 cycles) was
erformed with one twentieth of the initial mixture under the
bove conditions. Unused primers were remove by ultra filtration
sing Microcon 30 (Amicon). Purified PCR-products were phos-
horylated with 1 mM ATP and 1 ml T4 kinase (New England
iolabs). The phosphorylated amplified fragments were cloned

nto the EcoRV site of pBluescript II KS (L).

Gel retardation and supershift assays. The plasmid DNA con-
aining the reDNA insert was labeled by digesting with EcoRI and
lling-in with [a-32P]dATP (8). The insert was separated from the
lasmid by HindIII digestion and end-labeled. Insert-DNA was pu-
ified DNA by agarose gel electrophoresis. 20 fmol of insert DNA
ere incubated in presence of increasing amounts of c-Jun protein in
0 ml binding buffer (20 mM Hepes, pH 7.6, 1 mM Na–EDTA, 10 mM
NH4)2SO4, 1 mM DTT, 0.2% (v/v) Tween 20, 30 mM KCl) for 20
inutes at room temperature. The samples were separated on a

.8% (w/v) agarose gel in 0.53 TBE buffer (pH 8.3) at 4°C. After
eparation, the gel was dried on nitrocellulose and autoradio-
raphed. Competition and supershift experiments were performed
n 6% PAGE (79:1). For supershift experiments 1 ml of c-Jun/AP-1
AB-2) polyclonal antibody (20 ml, Oncogene Science) was added to
he reaction mixture.

Southern blot analysis. Southern blots were performed according
o Saluz and Jost (8). DNA samples were separated on a 6% PAGE
29:1) and electrotransferred to a nylon membrane (GeneScreen,
upont), covalently cross-linked by UV-light (Stratalinker, 120,000
J/cm2). Hybridization (8) was carried out with a probe generated by

andom-priming (50 mCi/mg DNA) from an isolated reDNA-library
lone.

DNase I protection assay. The reDNA probe were labeled as
escribed for gel retardation. 50,000 cpm of each probe was incu-
ated in presence of 50 ng c-Jun protein in binding buffer (10 ml 20
M Hepes, pH 7.6, 1 mM EDTA, 10 mM (NH4)2SO4, 1 mM DTT,

.2% (v/w) Tween 20, 30 mM KCl)at room temperature for 20 min.
he samples with and without c-Jun protein were incubated with

ng to Saluz and Jost (8). Hybridization was carried out with a probe
an isolated reDNA-library clone. Lane 1 shows a c-Jun specific
pecific antibody (aqueous phase, antibody). In lane 2 (phenol phase,
, no antibody) no signals could be detected. Lane 5 shows the signals
rdi
m
n s
ase
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.2 units of DNaseI in a total volume of 15 ml for 2 min and the
eaction was stopped by adding 80 ml of proteinase K buffer (30
M EDTA, 0.25% (w/v) SDS, 0.5 mg/ml proteinase K). After

ncubation at 42°C for 1 h, the samples were phenol extracted,
thanol precipitated and re-suspended in 4 ml formamide loading
uffer. The samples were run in a 6% polyacrylamide gel and
utoradiographed.

ESULTS AND DISCUSSION

An overview of the experimental procedure used to
enerate reDNA libraries is given in Fig. 1 and de-
cribed in detail under Material and Methods. A
rief outline, and the rationale behind the key steps,
ollows below. The least invasive manner to capture
rotein/DNA-complexes in rapidly changing equilib-
ium in vivo is by means of nanosecond high energy
V-pulse laser irradiation that leads to covalent
onds between the protein and its DNA target (9,
0). In addition, this treatment has the great advan-
age that the DNA is hardly damaged by strand
reaks or intramolecular cross-links. Partial diges-
ion, using a restriction endonuclease with a hexa-
ucleotide recognition sequence (BamHI), is per-
ormed on isolated nuclei to reduce the viscosity of
he genomic DNA and the nucleoprotein complexes

FIG. 3. Specificity test of c-Jun binding DNA molecules of the
eDNA library by gel retardation experiments. The three different
NA fragments shown (lanes 1–6, 7–12, and 13–18) contain a bind-

ng motif belonging to the second group (AAACAGATCATACAAGC;
anes 1–6) and two belonging to the first group: c-Jun RE (TGAC,
anes 7–12) and TRE (TGACTCA, lanes 13–18). All samples were
ncubated in the presence of plasmid pTRCAT (23) containing the
romoter region of the transin gene with two TREs [molar excess 3
mol/mol)]. 20 fmol of DNA were incubated without any protein
lanes 1, 7, and 13), in the presence of 10 ng c-Jun protein (lanes 2,
, and 14) 20 ng (lanes 3, 9, 15), 50 ng (lanes 4, 10, and 16) and in the
resence of 100 ng c-Jun protein (lanes 5, 11, and 17). In lanes 6, 12,
nd 18 the DNA probes were incubated in the presence of 50 ng c-Jun
ithout competitor. [The maximum protein dimer to DNA ratio here
sed was 62 mol/mol which is one fifth of the ratio recommended by
he manufacturer (Promega).]
70
hloride (CsCl) gradients. By this means DNA frag-
ents with an average of 4000 bp should be ob-

ained. However, due to protein protection of the
ative DNA in the nuclei where the restriction en-
onuclease digestion takes place, much less cleavage
ithin the DNA occurs, resulting in longer frag-
ents than theoretically expected. To avoid unde-

ired in vitro interactions between non-cross-linked
roteins and free DNA recognition elements, the

TABLE 1

List of the Minimal AP-1 Target Motifs (TGAC) as Found
in the Selected reDNA

Group 1

GACTNN
Frequency

% TGACANN
Frequency

%

gac tgt A 4.5 tgac att 3.0
gac tgg 1.5 tgac atg 4.5
gac tga 4.5 tgac ata 1.5
gac tgc 4.5 tgac agg 3.0
gac ttg 1.5 tgac aga C 4.5
gac tta 1.5 tgac agc 3.0
gac ttc 3.0 tgac aat 1.5
gac tct F 3.0 tgac aac B-D 8.0
gac tca TRE 3.0 tgac aaa 1.5

tgac act 3.0
tgac acg 1.5
tgac acc E 1.5
tgac aca 8.0

GACGNN % TGACCNN %

gac ggt 1.5 tgac ctt 4.5
gac ggc 1.5 tgac ctg 1.5

tgac cta 3.0
tgac ctc 1.5
tgac cga 1.5
tgac cat 4.5
tgac cca 1.5
tgac ccc 3.0

Group 2

Without TGAC %

atgattctgccttgctgc G 1.5
aaacagatcatacaagc H 1.5
ggttagctaagagat 1.5
gtttacta I 1.5

Note. The DNA molecules that belong to class 2 have been identi-
ed by footprinting experiments (see Fig. 4) and are entirely differ-
nt from all c-Jun binding elements described so far, i.e. they do not
ontain any TGAC binding motif. A number of 36 different targets
as detected per 100 sequences analyzed. The frequency indicates
ow often each target with the same binding but different flanking
equences was found among the different reDNA clones. Identical
lones were found much more often than once. However, this number
as not used for the frequency calculation due to the amplification of

he targets prior to their cloning. The footprints of elements A–I are
hown in Fig. 4.
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rotein/DNA-complexes are additionally purified by
henol extraction to disrupt non-crosslinked protein/
NA complexes. To facilitate cloning, sequencing
nd interaction analysis, these genomic DNA frag-
ents associated with proteins are further trimmed

y a four base-recognition sequence endonuclease
SauIIIA). This limits the size of the DNA to approx-
mately 250 base pairs around the interaction site
nd generates identical ends to the ones created in
he first digestion step. Consequently, all fragments
erminate with the same sequence, a prerequisite for
he later amplification step. Selectivity is achieved
y using antibodies against the transcription factor
f interest in the immunoprecipitation of the corre-
ponding nucleoprotein complexes. The purified
NA is then subjected to ligation-mediated PCR (11)
nd the exponentially amplified DNA cloned subse-
uently. Sequencing of the inserts of such a reDNA
ibrary provides information not only about the var-
ous recognition elements that had been occupied in
ivo by a specific transcription factor at the time of

FIG. 4. DNase I protection analysis. A and B show class 1 DN
olecules that do not contain a TGAC motif. Control sequence re
arked with G, A 1G, C 1 T and C, respectively. DNase I treated

in presence of c-Jun). The footprints are specified with bracket
AAGTGACTGTGAA 39; B, 59AATATCTGTCATTAGTGAATGG
TCAAATATGACACC39; F, 59 GGAGAGTCAGG39; G, 59ATG
9GTTTACTA39.
71
V irradiation but also about the regions surround-
ng those sites. A search through DNA sequence
atabases with the latter sequence data should
reatly facilitate the identification of the associated
ene(s). Finally, the DNA recognition elements can
e tested for their specificity by gel retardation- and
n vitro DNaseI footprinting experiments.

To demonstrate the potential of reDNA libraries in
lucidating specific DNA binding sites in vivo, we
onstructed such a library for the protooncogene-
rotein c-Jun (12), a member of the AP-1 transcrip-
ion factor family, in rat cerebellum, where expres-
ion of c-Jun is high (13). Neuronal excitation elicits
apid transcriptional activation of several immediate-
arly genes, e.g., c-Jun (14), many of which encode
ranscription factors that modulate expression of
ownstream genes involved in long-term plasticity
hanges (14, 15). A central role has been proposed for
he early responsive genes as, third messengers“ in
he cytoplasmatic signaling involved in short- and
ong term memory (16).

molecules containing TGAC motifs. Panels C and D show class 2
ions were performed according to Maxam & Gilbert (24) and are
mples of reDNA library are indicated by 2 (without c-Jun) and 1

–I). The following protected sequences were found: A, 59AGA-
C, 59TCTTTGACAGATA 39; D, 59AAGTTGTCAGGCC39; E, 59
TCTGCCTTGCTGC39; H, 59AAACAGATCATACAAGC39; I,
A
act
sa

s (A
39;
AT
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To test the reliability of the procedure Southern-blot
xperiments were performed (Fig. 2). For these exper-
ments the nucleoprotein complexes were selected
ith and without antibodies coupled to protein
–Sepharose. One of the in vivo selected c-Jun DNA-
inding elements was used as a probe. Only in the
rack of the antibody selected nucleoprotein complex a
pecific band could be detected (Fig. 2).
It had been shown in vitro that the, optimal” AP-1

ecognition sequence (termed TRE) was TGA(C/G)TCA
17, 18). The two overlapping half sites, TGAC and
GAG, are not equivalent due to the asymmetry im-
osed by the central C:G base pair (17, 18). Biochemi-
al and crystallographic analyses indicated that the
ptimal half-site for the AP-1 and ATF/CREB proteins
as TGAC (19). As shown by gel retardation experi-
ents, all tested inserts of the reDNA library were

apable to form specific complexes with purified c-Jun
ranscription factor under highly stringent conditions
Fig. 3). Surprisingly, out of 100 independent DNA

FIG. 5. Competition assays. The following probes correspondin
sed: G, 59ATGATTCTGCCTTGCTGC39; H, 59AAACAGATCATAC
NA (TRE) was used: 59AAGGCGCCGGCG ATGATCGTGACT

ponds to the AP-1 site of the metallothionein gene (16, 17). (A) Th
0 ml of binding buffer (10 ml 20 mM Hepes, pH 7.6, 1 mM EDTA
ogether with 1mg of HeLa nuclear extract in presence of a 20 mol
TRE) and 1 mg of E. coli DNA as unspecific competitor (U). The
abeled oligonucleotides of DNA TRE (TRE) were incubated with u
ompetitor/DNA-probe ratios were used: 200, 100, or 50 (mol/mol).
NA, respectively.
72
lones from the library, 36 different c-Jun binding ele-
ents were found (Table 1). These could be divided

nto two groups (Table 1): the first group (group 1: 88%)
ontained the “optimal half-site” for the AP-1 and ATF/
REB proteins (TGAC) (19, 20); the second group

group 2: 12%) did not show any obvious similarity
ith the above “optimal half-site.” As shown in Table 1,
y far not all theoretically possible “TGACNNN” com-
inations were found, indicating that the selection of
-Jun binding sites was not random. Moreover, as in-
icated in Table 1, “N” in the motif “TGACN” was
ound to be much more often represented by “A” (43%)
han by “G” (3%).

The frequency shown in Table 1 indicates how often
ach target with the same binding but different flank-
ng sequences was found among the different reDNA
lones. Identical clones were found much more often
han once. However, this number was not used for the
requency calculation due to the amplification of the
argets prior to their cloning.

o the footprints in DNA G and DNA H (see Figs. 4C and 4D) were
GC39. For competition the following 46 bp double-stranded control
GCGCGA ACGGATCCGGAAGC39.Its central part (bold) corre-
abeled oligonucleotides (G and H, respectively) were incubated in
0 mM (NH4)2SO4, 1 mM DTT, 0.2% (v/w) Tween 20, 30 mM KCl)
excess of one of the following oligonucleotides: H (H), G (G), TRE
plexed DNA and the free DNA are indicated by arrows. (B) The
beled DNA TRE (TRE), DNA G (G) or DNA H (H). Three different
e arrows indicate non-c-Jun complexes, c-Jun complexes and free
g t
AA
CA
e l
, 1
ar
com
nla
Th
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f undigested amino acid residues crosslinked to the
NA, the procedure was repeated in vitro with DNA

hat contained the TRE-element and no mutation
ithin the DNA-binding element was found (data not

hown). The TRE consensus sequence TGA(C/G)TCA,
elonging to the first group and described in earlier in
itro interaction experiments (17, 18) was found in only
.0% of all in vivo DNA recognition elements tested.
A computer analysis showed that the targets found

orresponded to several previously described transcrip-
ion factor binding sites not belonging to the AP-1
amily, e.g., estrogen-responsive elements (21), the se-
uence of which is known to interact with c-Jun in vitro
22). Therefore, new molecular pathways can be ex-
ected where either c-Jun combined with another fac-
or interacts with the same consensus sequence or
here c-Jun can replace another transcription factor.
he current lack of non-coding regions in the public
equence databases did not allow a correlation of the
nalyzed c-Jun reDNA to known genes. However, with
he progress of the various genome-sequencing projects
his should be feasible soon.

To define the in vitro interaction sites on the DNA
ragments selected for their binding capacity in vivo,
NAseI protection experiments were performed.
gain, all c-Jun REs that had already been shown to
e positive in gel retardation assays (Fig. 3) inter-
cted with the purified c-Jun in vitro. Some of the
ootprints are shown in Fig. 4. The sequence of the
NA fragments (Figs. 4A and 4B) contained four and

wo c-Jun REs, respectively. All of them were pro-
ected by the protein. In vivo-selected molecules
acking c-Jun REs (Table 1), were also investigated.
nteraction of c-Jun with these novel elements could
lso be identified in vitro (Figs. 4C and 4D). To
onfirm the specificity of these elements, band shift
ompetition experiments were performed using
eLa nuclear extract and oligonucleotides contain-

ng the AP-1 binding element (TRE) of the metallo-
hionein gene and the c-Jun binding elements G and

(Figs. 4C and 4D). Figures 5A and 5B show that
ach of the oligonucleotides competed for the same
rotein complex. However, the observed binding to
lements G and H was weaker than to the TRE. To
ompete for TRE-binding by the protein complex, a
ore than 20 fold excess of the oligo containing G

nd H was required while this excess of TRE was
ufficient to compete the G and H elements, respec-
ively. By standard in vitro selection (1), these bind-
ng elements would not have been detected.

Our data indicate that binding site selection in
ivo requires other selective means than just binding
ffinity. Although protein/DNA interaction studies
n vitro provided very valuable information, it does
ot necessarily reflect the actual situation in vivo.
73
ackaged into chromatin is totally disregarded. In
he method introduced here, transcription factors
re, trapped’ at the site of their interaction with
ative DNA, a highly complex chromatin structure,
nd thus, the reDNA libraries provide a more au-
hentic picture of the binding sites used in living
ells. Furthermore, this technique can be applied to
he determination of genomic target sequences of
ny DNA-binding protein that can be selected by
mmunological means, independent of its binding af-
nity in vitro. Last but not least, it aids in the

dentification of all the genes, the transcription of
hich is affected by a certain transcription factor.
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