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Abstract

The temporal and spatial binding of proteins on DNA is important to the regulation of genome expression and maintenance.

However, examining how the protein–DNA complexes assemble in living cells is challenging. The development of UV-crosslink-

ing/immunoprecipitation (UV-X-ChIP) technique and the progress of its applications show the powerful potential of this method

in detecting such binding behavior in vivo. UV light is a zero length crosslinker and is believed to produce less perturbation of the

complex than chemical crosslinker. The use of UV laser as UV light source allows the number of photons required for crosslinking

to be delivered in nano- or pico- or femtosecond intervals, extremely shortening the irradiation time and achieving higher crosslink-

ing efficiency than conventional UV lamp, thus being well suitable for kinetic studies. UV-X-ChIP technique has been successfully

applied on the study of DNA replication, transcription, chromatin structure, and genome-wide location of DNA-binding proteins.

� 2004 Elsevier Inc. All rights reserved.
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The binding of proteins on recognition DNA sites
plays a crucial role in regulation of genome expression

and maintenance. This interest has motivated the devel-

opment of a number of methods for investigating pro-

tein–DNA interactions in vivo. One of the most widely

used methods is formaldehyde-induced crosslinking/im-

munoprecipitation. However, formaldehyde also forms

chemical bridges, creating artifacts; and induces pro-
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tein–protein crosslinking, generating indirect results.
These drawbacks can be overcome, in principle, by the

use of UV irradiation as crosslinker. In the early 1960s

[2], it was shown that ultraviolet (UV) light irradiation

induced stable crosslinking between protein and DNA.

Later this technique was used to crosslink a specific pro-

tein to DNA. Now, UV-crosslinking combined with

immunoprecipitation (UV-X-ChIP) has been developed

as an effective tool for detecting DNA-binding of spe-
cific proteins in vivo and detailed protocols have been

established in many laboratories [10,11,19]. Irradiation

of living cells with UV light of wavelength near

260 nm produces covalent bonds between contact points

of nucleic acid and protein. UV light is a zero length

crosslinker and is believed to produce less perturbation

of the complex than chemical crosslinker. The new

development of UV laser as UV light source allows
the number of photons required for crosslinking to be

delivered in nano- or pico- or femtosecond intervals,
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extremely shortening the irradiation time and achieving

higher crosslinking efficiency than conventional UV

lamp. For example, irradiation of a single UV laser

pulse of 5-ns, 50 mJ on yeast crude extract allows detect-

able complex formation of specific protein and DNA

[21]. As concerning that the protein–DNA interactions
are dynamic in vivo, for example, many proteins in-

volved in regulating gene activity move and exchange

quickly with the target DNA [20], the rapid freezing of

the interaction at a particular step during the assembly

of protein–DNA complex is essentially important. To

meet this requirement, UV laser crosslinking shows its

powerful potential especially in kinetic studies.

After chromatin isolation, the protein–DNA complex
is immunoprecipitated with the antibody against the

protein of interest, the bound DNA is reversed, and ana-

lyzed as outlined in Fig. 1. UV-X-ChIP technique has

been successfully used for studying DNA replication,

transcription, chromatin structure, and genome-wide

location of DNA-binding proteins, and in vivo DNA

binding of many proteins including RNA pol II, topoi-

somerase I, various transcription factors, and the com-
ponents of DNA replicative complex have been

examined (Table 1). In this review, we summarize the

characterization of this technique and the progress of

its application on studying protein–DNA interactions

in vivo.
Fig. 1. Outline of the experimental protocol of UV-X-ChiP. For detailed

following samples were exemplified in DNA analysis: (1) Total genomi

immunoenriched target. (3) Background control sample which was processed

hybridization and PCR analysis. (‘) In orange color, target DNA. (s) In red

yellow color, merged. (For interpretation of the references to color in this fi
Photochemistry of UV-crosslinking

Formation of a covalent bond(s) between nuclei acid

and protein results from excitation of nucleotide bases

and reaction with amino acid resides by UV light. The

optimum excitation wavelength for the nucleic bases is
between 250 and 270 nm. When a nucleic base is excited

by a single photon, it is promoted to the first excited sin-

glet state (S1) or the first excited triplet state (T1). The

photo-crosslinking of a nucleic base to an amino acid

can occur from either S1 or T1. The absorption of an

additional photon by the excited nucleic base promotes

the base from S1 (life time = 10 ps) or T1 (life

time = 1 ls) to a higher excited state, Hs and Ht, respec-
tively, and is achieved by high intensity of pulsed lasers.

This kind of excitation is called biphotonic excitation

(reviewed in [29]).

The rate of crosslink formation depends on the time

required for the base excitation and the duration of

chemical reaction. Base excitation takes several nano-

or picoseconds. The life times of free radicals exceed

microseconds. The chemical reaction of crosslinking is
completed in less than one microsecond [22]. Because

the microconformational transitions of macromolecules

take more than 100 ls it appears that the UV light can

freeze molecules undergoing movements in one particu-

lar conformation [8]. On the other hand, because the life
descriptions, see analysis of immunoprecipitated DNA in text. The

c DNA used for positive control. (2) iDNA containing antibody

without antibody. Arrow indicates the position of signals in Southern

color, IP-enriched DNA. (s) In green color, unenriched DNA. (s) In

gure legend, the reader is referred to the web version of this paper.)



Table 1

Proteins which binding sites are investigated using UV-X-ChIP technique in various organisms

Protein Organism Year References

RNA polymerase Bacterium 1984 [18]

RNA polymerase II Drosophila, rat 1985,1987,1993, 1997,1998 [13–17,26,32]

Paire Drosophila 1999 [9]

Bicoid Drosophila 1999 [9]

Eve Drosophila 1994, 1999 [9,44,45]

Ftz Drosophila 1994, 1999 [9,44,45]

Engrailed Drosophila 1995,2003 [39,41]

GAGA Drosophila 1995 [33]

Zeste Drosophila 1994, 1996, 1997 [24,25,44]

Lamins Drosophila 1998 [37]

B52 Drosophila 1991,1994 [6,7]

Topoisomerase I Drosophila 1986, 1987 [14,15]

Max Rat 1997 [4]

Myc Rat 1997 [4]

USF Rat 1997 [4]

c-Jun Rat 1999 [38]

Acetylated histones Rat 1996 [31]

Histone1, 2A, 4 Frog 1990 [12]

Histone3 Human 1999 [27]

p300/CBP Human 2002 [28]

hOrc1p Human 2003 [1]

hOrc2p Human 2003 [1]

hCdc6p Human 2003 [1]

hMcm3p Human 2003 [1]

HSF1 Arabidopsis 2001,2003 [46–48]

HSF Yeast 2003 [48]
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time of S1 state is very short, crosslinking from this state

must involve groups in contact, assuming there is no

intermediate reaction.

In principle, any amino acid residue can be induced

to form covalent crosslinking with any nucleotide

residue. The base specificity of crosslinking studied by

in vitro assay shows that pyrimidine-containing olignu-

cleotides are most effective, thymidine being the most
[22,23]. The amino acids most reactive toward the

DNA are Cys, Lys, Phe, Trp, and Tyr [40].

Despite the fact that reaction mechanism is not fully

understood, the introduction of covalent bonds between

proteins and nucleic acids by UV irradiation represents

a useful and reproducible technique.
The efficiency of crosslinking

The practical use of UV-crosslinking depends on

crosslinking efficiency defined as yield of crosslinked

product. Properties, such as binding affinity, the geome-

try of the interaction, and abundance of protein, affect

the efficiency. On the other hand, the sources of UV

light also affect the efficiency. Using conventional UV
light, model systems such as the interactions of DNA

and histones, RNA Pol II, Q50 homeodomain proteins

have been studied [9,12,13,15–17,26,28,31,32,41,44].

However, very little succeeded about specific regulatory

proteins and their target DNA sequences. The amount
of immunoprecipitated DNA targets of specific regula-

tory proteins obtained using conventional UV light is

very low, below the detection level. To achieve higher

efficiency, UV laser has been employed. Besides the

short time of irradiation, the laser-induced reactions

proceed via biphotonic excitation, which sharply in-

creases the efficiency of crosslinking. According to the

data obtained by in vitro experiments, 15–20% of pro-
tein–DNA complexes are often crosslinked. UV laser in-

creased the yield up to two orders of magnitude

compared with conventional light [30]. We successfully

detected DNA-binding of specific transcription factor,

heat shock factor 1 (HSF1), in vivo by UV laser irradi-

ation of living Arabidopsis suspension culture cells for

60 s, while conventional UV light failed [46].

On the other hand, however, UV laser irradiation also
causes mainly high DNA damage, such as pyrimidine di-

mer formation, breaks of sugar phosphate backbone of

DNA, inter-strand DNA–DNA crosslinks, local dena-

tured sites inDNA, and single-strand breaks, which ham-

per the analysis of crosslinked DNA. For example, PCR

techniques require the DNA integrity for primer exten-

sion. Therefore, high efficiency and low DNA damage

(effective crosslinking) are essential. To improve effective
crosslink yields, different laser parameters have been stud-

ied in vitro.The yield obtainedwith nano-, pico-, and fem-

tosecond pulses shows that the shorter pulses were more

effective. A significant improvement from values of effec-

tive crosslinking <1% with nanosecond pulses to values
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close to 5% with femtosecond pulses is observed using

progesterone receptor (PR) as model protein [36]. A com-

parison of the effective crosslink yield obtained with UV

pulses alone and with an optimized combination of two

wavelength fs laser crosslinking (UV and blue pulses)

shows that the latter technique minimized the damage
and led to a significant improvement of effective crosslink-

ing. In this strategy, theUVpulses for the excitation to the

singlet S1 can be kept low, thus reducing DNA damage.

The high crosslinking efficiency can still be attained by

applying blue pulses which are too long to excite bases

from the ground state, but provide additional energy to

cross the ionization of the excited DNA bases and pro-

mote the bases from S1 or T1 toHs andHt [35]. It is antic-
ipated that with the optimization of laser parameters,

effective efficiency of UV-crosslinking will be achieved

for broad applications.
Immunoprecipitation conditions

UV induced covalent linkage is stable in general lysis
or immunoprecipitation buffer, such as chromatin extrac-

tion buffer, antibody buffer [30,46], RiPA [1], containing a

combination of denaturing and non-denaturing deter-

gents (Triton, sodiumdeoxycholate, and sodium dodecyl

sulfate). But the crosslinked complex is not stable under

acidic conditions [11]. After crude chromatin isolation,

ultracentrifugation inCsCl gradientswas used to separate

free protein, the peaks containing enriched fraction of
protein–DNA complexes were harvested. However,

ultracentrifugation is time consuming, up to 72 h are re-

quired, and some crosslinked material is lost. To increase

the yield of the immunoprecipitated material we skipped

the pre-purification step. Instead, crude chromatin ex-

tracts solubilized by sonication were used for immuno-

precipitation. Free protein does not interfere with the

immunoprecipitation procedure and we achieved signifi-
cant signals over background. Background was reduced

by the use of anionic (strong) detergents in chromatin

extraction buffer or antibody buffer. It is essential to use

protein A bound to magnetic particles instead of pro-

tein-A–Sepharose. This strongly reduced the background

in our hands. Possible reasons are centrifugation sedi-

ment particles present in crude chromatin extracts with

unspecifically bound DNA, and Dynabeads protein A
may lower unspecific adsorption to the carrier material

compared to protein-A–Sepharose. It is also important

to optimize sonication time and power to obtain good sig-

nal/background ratios. Longer time and higher power re-

sult in lower background. In our experiments, only strong

sonication (10 · 120 s using a Branson Sonifier B-12 at le-

vel 4) of Arabidopsis crude extract can abolish unspecific

signals [46].
In most protocols, affinity-purified polyclonal anti-

bodies were used to achieve sufficient immunoprecipi-
tate. But, when the protein under investigation

contains a domain that is also present in other proteins,

it is important to ensure that the DNA-binding se-

quences are associated with the protein of interest, not

with others. For example, there are 21 homologs of

HSF in Arabidopsis, which share common structural do-
mains for DNA-binding and multimerization. Poly-

clonal antibodies against full length HSF1 cross-react

with other HSFs. Therefore, specific antibodies that rec-

ognize unique regions of the protein of interest must be

obtained and specific immunoprecipitation has to be as-

sessed. This was achieved by using antibodies directed

against the less conserved C-terminal region of HSF1.

The specific antibodies showed no crossreaction with an-
other HSF of Arabidopsis and allowed to analyse the

binding behavior of HSF1 in vivo, which is different

from the result obtained with antibodies against full

length HSF1 [47].
Analysis of immunoprecipitated DNA

UV-crosslinked DNA is fragmented by sonication

and/or enzyme digestion to reduce DNA size, usually

to a few of hundred base pairs, allowing the analysis

of binding sites at high resolution. Antibody immuno-

precipitated DNA (iDNA) contains virtually all in vivo

binding sites of a given protein. Conventionally, south-

ern hybridization is employed to determine the enrich-

ment of target DNA. The iDNA can be radiolabeled
and used as a probe for various investigations. Compar-

ison of the hybridization profile by iDNA with that of a

control DNA (obtained by mock precipitation using

preimmunserum) identifies fragments, which are bound

by the protein [17,31]. Or alternatively, immobilized

iDNA, bound to a membrane, can be probed with a spe-

cific genomic fragment that may be known as a potential

genomic target of the respective protein [12,44]. In this
approach, the intensity of the signal can also be com-

pared with a series of dilutions of input (amount of

chromatin DNA used for the immunoprecipitation) to

evaluate the efficiency of the immunoprecipitation of

the target sequence. However, the sensitivity of southern

hybridization is limited in many cases and requires an

intermediate PCR amplification. Such amplification

may misrepresent the real levels of protein–DNA cross-
linking. PCR amplification is an excellent choice when

the genomic target (DNA-binding site of the respective

protein) is known [28,46]. In such analyses a pair of

primers covering the contiguous region of a protein-

binding site is designed. The PCRs are performed using

iDNA and control DNA (obtained by mock precipita-

tion using preimmunserum). The amplification of a spe-

cific fragment within the iDNA indicates protein
binding. To minimize the effect of DNA damage on pri-

mer extension, the space between primers is kept short
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and by this way we successfully detected the enrichment

of binding sites of Arabidopsis HSF1 in vivo. For iden-

tification of genome-wide location of a protein, some

papers describe the construction of a library of iDNA

[26,38,41]. To obtain sufficient amount of iDNA for per-

forming cloning, antibody immunoprecipitated DNA is
amplified by an adaptor-mediated PCR. Clones of

iDNA libraries have to be verified by additional investi-

gations. Only the fragments for which the hybridization

signal intensity of iDNA probe versus background

probe is significantly higher are considered. UV light

or formaldehyde crosslinking/immunoprecipitation

combined with DNA microarray assay is a new develop-

ment for analysis of the genome-wide binding sites. Both
immunoprecipitation enriched (IP-enriched) and unen-

riched pools of labeled DNA were hybridized to a

DNA microarray which contains several thousand

DNA fragments throughout genome. The IP-enriched/

unenriched ratio of signal intensity was used to calculate

the relative binding of the protein of interest to each se-

quence represented on the assay and genome-wide loca-

tions of the protein are detected [3,5].
Application and perspective

Applications of UV-X-ChIP have led to the identifi-

cation of genomic binding sites of a variety of proteins

at high resolution in vivo (Table 1), thus providing valu-

able insights into how these proteins function in chro-
matin context.

One of the model systems is the study on the regula-

tion of heat shock gene expression. Considerable pro-

gress has been made in kinetics of RNA pol II binding

to hsp70 gene in Drosophila by John, T. Lis�s lab. At

un-induced condition, RNA pol II poises on the pro-

moter region of hsp70, which may be critical for rapid

transcription activation upon heat shock. At induced
condition, it binds on entire gene [13], and its density

on the hsp70 gene is rapidly increased after an instanta-

neous heat shock [13,14,17,32]. This work and other

achievements obtained in John, T. Lis�s laboratory, such
as the characterizations of GAGA factor binding to

hsp70 and hsp26 genes with its coincident with that of

RNA pol II [33]; topoisomerase I interaction with the

transcribed region of hsp70 gene, independently with
RNA pol II [14]; association of B52 with boundaries

of transcriptionally active hsp gene [6,7] in Drosophila;

and the detection of heat shock-dependent in vivo bind-

ing of HSF1 in Arabidopsis using UV laser crosslinking

by Schöffl�s Lab [46,47], allow deepening the under-

standing of molecular mechanism of heat shock gene

regulation.

Recently, a significant progress was gained on the
understanding of DNA replication mechanism by G.

Abdurashidova et al. [1]. They applied simultaneous
pulse irradiation of HeLa cells with two wavelengths

of laser light at 266 and 355 nm for 150 s and success-

fully detected the presence of specific proteins on the hu-

man lamin B2 ori sequence. Their detailed investigation

on dynamic binding behavior and precise binding sites

of different components of DNA replicative complex
in different phases of the cell cycle elucidated elaborate

modulations of DNA replicative activity.

The temporal and spatial binding of proteins on

DNA is critical for understanding the mechanism of

DNA replication and transcription. Above works show

the potential of UV-X-ChIP in detecting such binding

behavior especially on the kinetic following of binding

events of complex assemblies, such as the transcription
initiation complex and DNA replication complex. In

such multiprotein–DNA complex, to exclude the forma-

tion of protein–protein adducts and to follow the

sequential binding of different components, induction

of only protein–DNA adducts, and rapid fixation of

the contact are essential. The development of UV laser

crosslinking well meets these requirements.

Genome-wide identification of target genes that are
directly regulated by transcription factors rather than

merely in the downstream pathways remains essential

for understanding of gene regulation. One important

application of UV-X-ChIP is detecting the genomic

binding sites of transcriptional regulators across the en-

tire genome, combined with cloning technique. To this

purpose, the libraries of binding DNA fragments by

RNA pol II, transcription factor c-Jun, and homeodo-
main protein engrailed were successfully established

[26,38,41]. The sequencing of the inserts of engrailed rec-

ognition DNA fragments and comparison with database

leads to the identification of 203 engrailed target genes

which involve in different developmental pathways

[41]. With availability of DNA microarrays in a broad

variety of organisms, its combined use with UV-X-ChIP

will provide new approach for genome-wide identifica-
tion of in vivo targets. Such a method has been estab-

lished with formaldehyde crosslinking and successfully

applied in yeast and mammalian systems. Many individ-

ual transcription factors, as well as protein components

for DNA replication, recombination, and chromatin

structure have been studied on genome-wide maps of

the interaction between protein and DNA [5,34]. A gen-

ome-wide survey of HSF1 binding sites in mammalian
cells found that 94 promoters are bound by HSF1. Most

of them are heat-inducible and consistent with the model

that HSF binding results in heat shock gene expression.

However, among them 48 genes are not heat-inducible.

It is also surprising that many heat-inducible genes are

not bound by HSF1. This evidence suggests that the reg-

ulation of heat shock response is more complex than

previously thought [43].
Other significant achievements obtained with UV-X-

ChIP include studies on nucleosome structure, for
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instance, distributions of acetylated histones on the ac-

tive rRNA genes [31] and distributions of histones on

the enhancers and promoters of ribosomal spacer upon

active transcription of the ribosomal genes [12]. The

work from Biggin�s group on detection of the binding

of Q50 homeodomain proteins shows that unlike tran-
scription factor, Zeste, which only binds on a target

promoter of Ultrabithorax (Ubx) gene and not on non-

target genes; Eve, Ftz, bicoid, and paired bind to a wide

range of genes. These results significantly improve our

understanding of how the homeodomain proteins func-

tion in controlling Drosophila development [9,44,45].

Conventional UV light has been mainly applied in

Drosophila cells or embryos. With the improvement of
efficiency, UV laser technique has shown its success in

other model organisms, such as Arabidopsis, yeast, and

human [1,46,48]. However, studies indicate that different

crosslinking reagents have different preferences for the

proteins. Neither method is likely to be universally

applicable. For example, formaldehyde detects Zeste

binding to a fragment just 5 0 of the Ubx target element,

which is not detected by the UV technique. UV cross-
linking detects DNA binding of Zeste as efficiently as

it detects binding by a second protein eve, whereas form-

aldehyde crosslinking detects Zeste at least 50-fold more

efficiently than it detects Eve. Formaldehyde may be

useful for examining one set of proteins, and the same

is true for UV-crosslinking [42]. It is important to deter-

mine a range of crosslinking methods so that all classes

of DNA-binding proteins can be studied.
Our knowledge on the chromatin composition of

genes is still scarce, especially at high resolution. Many

protein–DNA interactions remain to be investigated.

Yet, the achievement of UV-X-ChIP technique in

molecular biology has emerged, and the power of this

technique is shown to be exciting.
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