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A central issue in the regulation of gene expression is the

physical association of transcription factors with relevant

promoter sequences. Recently, technological advances have

allowed researchers to analyze these processes on a genomic

scale. In particular, the combination of the chromatin

immunoprecipitation (ChIP) technique with microarray analysis

(the ‘ChIP to chip’ experiment) is providing a wealth of new and

surprising data on transcription factor–chromatin interactions.

These advances are reviewed here. We also discuss future

challenges in the area.
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Introduction
Most biological processes are regulated at the level of

transcription. In mammalian cells, the transcription of

almost every gene is regulated by several positive and

negative transcription factors that recognize specific DNA

sequences near the target gene, often in promoter regions

that are located upstream of the transcriptional start site.

Transcription factor–DNA association in a living cell is a

complex process [1]. The genome is vast and the DNA is

packaged into a variety of chromatin structures that

determine its accessibility to a protein [2]. Furthermore,

most transcription factors interact with other sequence-

specific binding proteins, chromatin remodeling and

modification complexes and the general transcription

machinery. Any or all of these protein–protein interac-

tions may affect the DNA-binding characteristics of the

factor of interest. Thus, while detailed in vitro studies of

DNA–protein interactions have provided, and will con-

tinue to provide, useful information, it is clear that studies

of transcription factor–DNA interactions in living cells are

critical to understanding transcriptional regulation (or any
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other nuclear process). As described below, this field has

undergone a revolution recently, largely because of the

development of the so-called ‘ChIP to chip’ assay, which

combines the powerful technique of chromatin immuno-

precipitation with DNA microarray analysis. Before con-

sidering these recent advances, however, it is worthwhile

to review briefly earlier work and thinking in this area,

which has set the stage for the modern era.

Early days
Until quite recently, the analysis of transcription factor–

DNA interactions in living cells at anything close to a

genomic scale was a very challenging proposition. This

was due largely to limitations in analytical techniques. A

good example is the pioneering study of Mark Biggin and

colleagues of Drosophila regulators Even-skipped (Eve),

Fushi tarazu (Ftz) and Zeste [3]. These proteins, which

are part of a large superfamily of homeodomain factors,

provided a conundrum for early functional genomics

researchers. In vitro, homeodomain proteins exhibit quite

modest sequence specificity, often as little as 3–4 base

pairs [4]. Simple arithmetic would suggest that there must

be a massive number of sites in the Drosophila genome

that would fit this description. So how could these pro-

teins achieve specific binding to the promoters that they

regulate? First, it is important to note that there is an

inherent bias in this question. It was assumed that there

must exist mechanisms in the cell that elaborate the very

modest intrinsic DNA-binding specificity of homeodo-

main proteins. The alternative explanation, that large

amounts of these homeodomain proteins were produced

and are scattered all over the genome, was not given much

credibility.

Biggin and co-workers analyzed Ftz and Eve distribution

in Drospophila early embryos using UV cross-linking and

Southern analysis [3]. This was a heroic effort. UV cross-

linking is a relatively low-efficiency process for most

dsDNA-binding proteins and the DNA in the product

cannot be amplified by PCR. Thus, a great deal of

material must be brought through this protocol to analyze

the products. The upside is that this procedure provides

at least a semi-quantitative measure of protein–DNA

associations along the DNA. The surprising result of

these studies was that while Ftz and Eve were found

associated with the promoters they regulate, as expected,

lower levels of occupancy could also be detected at many

sites on the genome, a conclusion to which the transcrip-

tion community was quite resistant. However, several

careful subsequent experiments proved Biggin correct.

For example, it was found that an embyro contained

>50 000 molecules of Eve and Ftz, which explains
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how they can be scattered across the genome, yet still

occupy specific promoter sites.

This is not to say that all transcription factors evince such

modest specificity in vivo or that they exist at such high

levels. For example, the well-studied Gal4 transcription

factor of Saccharomyces cerevisiae exists at very low copy

number (� 60 dimers per cell; T Kodadek and SA

Johnston, unpublished data) and has much higher specif-

icity than homeodomain factors, recognizing sequences of

the form 50-CGGN11CCG, where N can be A, C, T or G,

although the protein has some preferences with regard to

this central sequence [5]. Furthermore, Gal4 binds to

promoters in concert with the general transcription appa-

ratus [6], further enhancing its specificity for GAL pro-

moters. Nonetheless, even in this system, association of

the transcription factor with sites outside of traditional

promoters is observed [7]. In all of these systems, from the

lowest specificity homeodomain to the more discriminat-

ing factors, it will be extremely interesting to examine the

functional consequence of activator binding at these

extra-promoter sites.

The ChIP to chip assay
The mapping of transcription factor binding sites on large

swaths of the genome has undergone a revolution over the

past few years, largely due to the development of the ‘ChIP

to chip’ technique. This process, which in principle can

provide a genome-wide view of protein–DNA interactions,

is an elaboration of the venerable chromatin immunopre-

cipitation (ChIP) technique. In the ChIP protocol (see

Figure 1a), cells or tissues are treated with formaldehyde, a

cell-permeable small molecule that can mediate protein–

protein and protein–DNA cross-linking through Schiff

base formation. If one wishes to increase the degree of

protein–protein cross-linking (for example to better

observe indirect protein–DNA interactions in this assay),

more efficient protein–protein cross-linking by dimethyl

adipimidate can be done first, followed by formaldehyde

treatment [8]. Next, the cells are lysed, the chromatin is

isolated and sheared into 200–1000 base pair fragments,

usually by sonication. The protein of interest is then

immunoprecipitated using a specific antibody and any

DNA that is cross-linked to it will be co- immunoprecipi-

tated. Although the amount of cross-linked DNA is small,

it can be detected by first reversing the cross-links through

incubation in a low pH buffer (which hydrolyzes the

Schiff base adducts), then amplifying the region of interest

using appropriate PCR primers. This is the major advan-

tage of the ChIP technique over other protocols for visual-

izing DNA–protein interactions in cells; the cross-link is

readily reversible and the DNA can be amplified by PCR.

The ChIP to chip version of this protocol [9] (Figure 1b)

differs only in the post-IP steps. In this case, one does not

amplify a particular co-immunoprecipitated DNA with

defined primers, but instead endeavors to analyze many
www.sciencedirect.com
or even all of the DNAs enriched during the IP step.

Briefly, the following steps are employed to do this. The

DNA released after reversal of the cross-link is repaired

using a DNA polymerase to produce blunt ends. A com-

mon linker is then ligated to each DNA. All of the DNA

sequences present are then amplified using PCR primers

complementary to the common linkers. During this step,

fluorescent labels are incorporated through the addition of

labeled nucleotide triphosphates [10]. Alternatively, ami-

noallyl-substituted nucleotides are sometimes incorpo-

rated, allowing subsequent attachment of activated ester

derivatives of fluorescent dyes post-amplification [11].

This protocol is applied to both the total DNA, which is

labeled with one color dye (often Cy3), as well as the DNA

sample enriched in the immunoprecipitation, which is

labeled with a different color fluor (often Cy5). These

two samples are then mixed and hybridized to a microarray

composed of nucleic acid probes that represent the regions

of the genome that one would like to probe for binding of

the transcription factor of interest. In this type of two-color

experiment, binding of the protein to a region of DNA is

inferred if the intensity of the immunoprecipitated DNA

exceeds significantly that of the intensity of the total DNA

(i.e. an enrichment has occurred in the immunoprecipita-

tion). It is up to the investigator to determine what

‘significantly’ means (i.e. how much of an enrichment is

required to score a loci as a site of protein binding).

In summary, the ChIP to chip experiment employs a

simple strategy for amplifying unknown pieces of DNA

through the attachment of common linkers (a well-used

strategy in molecular biology) and then employs the

power of microarray technology to conduct the analysis.

This is one of the few cases in proteomics where one can

bring to bear the full power of genomics technology, in

that it reports a property of a protein (the DNA-binding

factor) indirectly through a nucleic acid readout.

DNA microarrays for ChIP to chip assays
The ideal microarray for a ChIP to chip experiment would

contain DNA probes that would allow whole genome

coverage. These do not currently exist for the simple

reason that too many probes would be required. The

human genome, for example, contains around 3 � 109

base pairs. Given that the inherent resolution of the ChIP

assay is � 500 bp (defined by the average fragment size

after shearing the chromatin), one would like to have a

DNA probe for approximately 100 bp region of DNA to

ensure redundant coverage (not all DNA probes work

well). Thus, an array of over 10 million features would be

required. This exceeds the capacity of even the most

advanced chip-making capabilities available today.

What kind of arrays are available? First, it is worthwhile to

review briefly the two basic types of DNA microarrays.

The first arrays were created by spotting DNAs onto

polylysine-modified glass slides (for a review, see [12]).
Current Opinion in Chemical Biology 2005, 9:38–45



40 Proteomics and genomics

Figure 1
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Procedure for genome-wide association study. (a) Chromatin immunoprecipitation. Cells are grown under the desired experimental conditions.

Protein–protein and protein–DNA interactions are trapped using a cross-linking agent, usually formaldehyde. Following cell lysis, DNA is mechanically

sheared and then immunoprecipitated using an antibody or a combination of antibodies against a protein of interest. Cross-links are reversed

at low pH. Following deproteinization, DNA is purified. (b) ChIP to chip experiment. Staggered ends of input (non-enriched DNA) and IP-enriched

DNA are repaired using T4 DNA polymerase and then ligated to unidirectional linkers. During ligation mediated PCR (LM-PCR), input DNA is

labeled with a fluorophore (Cy3), while IP-enriched DNA is labeled with a different fluorescent dye (Cy5). Cy3- and Cy5-labeled DNA pools are

mixed and hybridized to a microarray and analyzed.
This is now most often done using synthetic oligonucleo-

tides 50–80 residues long. Obviously, however many

probes one wishes to have equals the number of synthetic

oligonucleotides (or PCR products) one must spot onto

slides. The arrays are made using pin spotting robots that

transfer a solution of the DNA from a 384-well plate to the

microscope slide. Due to the inevitable spreading of the

liquid on the plate, feature sizes below 100 microns are

difficult to achieve. This and other practical considera-

tions limit the density of spotted arrays to approximately

20 000–30 000 features.

A fundamentally different type of approach to the con-

struction of oligonucleotide arrays is to synthesize the

oligomers in situ on the array. There are several ways to do

this, the most important being photolithography [13].

These chips, marketed commercially by Affymetrix,

can be of much higher density, with the most advanced

containing up to two million features. A further advantage

of Affymetrix-style chips over spotted arrays is that they

are more reproducible [14], as physical spotting can

produce a variety of artifacts, such as non-homogenous

spots, carryover of one probe onto another feature
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(through incomplete washing of pins), etc. Therefore,

it is fair to say that most genomics researchers prefer to

use Affymetrix arrays if possible. However, these chips

are quite expensive. Furthermore, the process by which

they are made, which requires micromachined physical

masks for the photolithographic chemistry, is not parti-

cularly flexible. Rather it is good for making a large

number of a few types of arrays. Since most of the

emphasis in the microarray community to date has been

on gene expression profiling, most chips contain probes to

coding sequences in the genome rather than promoters or

other extragenic regions. ‘Tiling’ arrays produced photo-

lithographically [15��] and suitable for unbiased ChIP to

chip analyses (i.e. not focused on coding regions) are just

beginning to become available and most of the work has

been done with custom-made spotted arrays. However,

certain technical advances in the construction of these

arrays, such as digital photolithography, and the increas-

ing importance of transcription factor mapping are likely

to make these tools much more available in the future.

This is fortunate, because the availability of suitable

arrays remains the greatest limiting factor in making this

powerful tool accessible to large numbers of laboratories.
www.sciencedirect.com
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Applications of the ChIP to chip assay
The first ChIP to chip experiments were reported at more

or less the same time by the Young and Brown groups.

Both studied transcription-factor–chromatin binding in

the yeast S. cerevisiae. Yeast is a good model system for

many reasons, one of which is that its genome is much

smaller than that of mammals, allowing microarrays to be

produced that provide genome-wide coverage. Young’s

group [10] mapped binding sites for Gal4 and Ste12 and

identified pathways regulated by these transcription fac-

tors in yeast. Brown and co-workers, who were instru-

mental in the development of spotted DNA microarray

technology, conducted similar experiments on the yeast

cell cycle transcription factors SBF and MBF [16]. Since

that time, a great deal of work has been done on yeast

transcription factors [17,18��,19], culminating with the

publication by Young’s group of the genome-wide asso-

ciation map for 106 epitope-tagged transcription factors

[20��]. These data, combined with expression analysis

datasets [21], provide a rich overview of transcriptional

regulation in this simple eukaryotic organism.

This technology was later applied to mammalian systems.

Initial studies addressing recruitment of Max, Gata1, E2f

and Rb transcription factors necessarily surveyed only a

small fraction of the genome [22–24] due to the limita-

tions of the available arrays mentioned above as well as

the incomplete nature of the genome annotation effort,

which has improved steadily, allowing more and more

promoter regions to be identified [25,26��,27]. In mapping

the cMyc binding sites, Li et al. [25] used arrays that had

one spot per regulatory region, each of which was about

0.9 kB. This design would, however, fail to report inter-
Table 1

Genome-wide protein–DNA association studies.

Protein Array type

Gal4 Intergenic regions

Ste12 Intergenic regions

p53, cMyc, Sp1 Tiling array Ch. 21 and 2

RNA pol III PCR-amplified intergenic

H3 lys9 methylation CpG microarrays

CREB Non-repetitive chromoso

NfkB Tiling array chromosome

E2F CpG Island; PCR amplifi

HNF 13 000 Promoter regions

RSC Intergenic regions

ORC and MCM Intergenic sequences an

H2B, H3 and H4 acetylation Intergenic regions

H3 and H4 acetylation, H3 dimethylation Intergenic and coding re

Acetylation of H3 and H4,

Di and tri- methylation of H3

cDNA array and non-rep

from chromosome 2L

SBF, NBF Intergenic regions

GATA1 Tiling array, b-globin locu

cMyc, Max Intergenic regions

Rb CpG microarray

Suz12, H3 Lys27 Tiling, CpG island and ol

Rap1 ORFs and intergenic reg

HSF Intergenic regions
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actions that involve further upstream regions. At the other

extreme, to map GATA-1 binding sites, Snyder’s group

[22] used arrays that represented the entire 75 kb pro-

moter region of b-globulin dissected into 1 kB fragments.

Although this was a small array it had unbiased repre-

sentation of the entire b-globulin locus. Owing to the

complexity of the mammalian genome and the limited

understanding of eukaryotic promoters, it was harder to

construct promoter arrays. Because CpG islands are fre-

quently associated with promoters [28], Farnham’s group

and others employed arrays that represented PCR-ampli-

fied CpG islands to map binding sites for Rb, E2F, Suz12

and methylated histones [23,27,29,30]. A comprehensive

list of studies that have been carried out to date appears in

Table 1.

These studies highlighted the potential regulatory roles

mediated by the transcription factors on the target genes.

Yet another theme that emerged was that the transcrip-

tion factor binding sites were both prevalent and func-

tional on non-consensus sites as well [24]. This raised the

fundamental question of whether using promoter-focused

arrays to study genomic transcription factor–DNA asso-

ciation was introducing an unjustified bias. With this in

mind, Snyder’s group employed microarrays that repre-

sented virtually all the non-repetitive sequences of chro-

mosome 22 to generate association profiles for NF-kB

[31��]. In addition to expected binding sites, NF-kB was

found to bind many non-consensus sequences. But the

most surprising result was that more than 40% of the

observed binding sites were mapped to non-coding

regions and pseudogenes. It could be that these biding

events have no functional consequence [32] and simply
Species Reference

S. cerevisiae [10]

S. cerevisiae [10,55]

2 Human [15��]

regions S. cerevisiae [56]

Human [30]

me 22 sequences Human [57]

22 Human [31��]

ed intergenic regions Human [29,58]

Human [59]

S. cerevisiae [60]

d open reading frames S. cerevisiae [61]

S. cerevisiae [62]

gions S. cerevisiae [63]

etitive sequence Drosophila [64�]

S. cerevisiae [16]

s Human [22]

Human [25]

Human [23]

igonucleotide promoter arrays Human [27]

ions S. cerevisiae [65]

S. cerevisiae [66]
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reflect the fact that these sequences exist in the cell and

transcription factor binding to them is not detrimental

and therefore has not been selected against. To test this

idea, Cawley et al. [15��] asked if these sites of activator

binding were also sites of transcription. The authors

combined tiled arrays across non-repeat genomic

sequences of chromosomes 21 and 22 with chromatin

immunoprecipitation to map occupancy sites for Sp1,

cMyc and p53. Only about one-fifth of the sites mapped

were coincident with promoters while one-third of the

binding sites were in non-coding regions. They further

demonstrated that the non-coding sites associated with

transcription factors were regulatory regions for non-

coding RNA (nc-RNA). Comparison of binding and

expression studies revealed that these transcription-factor

binding sites and the corresponding nc-RNAs were evo-

lutionarily constrained in the human and mouse genomes.

Further work by the authors suggests that expression of

these non-coding RNAs is regulated by the bound tran-

scription factors in response to external stimuli.

By the time Cawley et al. [15��] undertook their research,

existing evidence suggested that non-translated RNAs

are actively transcribed, accounting for 98% of the entire

transcriptional activity of a cell [33,34]. This suggested

that non-coding DNA may be endowed with critical

regulatory functions, which is supported by their evolu-

tionary conservation [34–36] and their association with

development and diseases [37–41]. The significance of

Cawley’s observation lies in the finding that transcription

from nc-RNA is regulated in the same manner as that of

the coding regions, and this was achieved by integrating

ChiP to chip assay with expression studies.

Another useful application of ChIP to chip assays is the

analysis of the effect of post-translational modifications on

DNA-associated proteins. This has been brought to bear

most powerfully for mapping the distribution of modified

histones in the genome and correlating these data with

patterns of gene expression derived using microarrays in

their ‘traditional’ way [18��,27,42]. These types of studies

are bound to increase in importance as we discover further

post-translational modifications of functional conse-

quence in regulating transcription and as better anti-

bodies become available to recognize modified proteins

or the modifications themselves.

Post-translational modifications of DNA-binding proteins

are often reversible and sometimes result in epigenetic

regulations such as positional effects [43], gene silencing

[44,45], and global demethylation and methylation [46].

Because these effects are mediated by acetylases, dea-

cetylases, methylases, etc., not surprisingly, they were

also the first to be included in transcriptional profiling.

Thus, genetic and chemical perturbations of histone

deacetylases (HDACs) were performed to identify targets

of these players [47]. For example, Grunstein’s group
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generated genome-wide maps for HDAC activity by

probing for sites that were hyperacetylated upon HDAC

disruption [18��]. Coupling association maps with genome-

wide expression studies allowed them to segregate direct

targets from the ripple effects observed in a previous

study [47]. Several groups generated histone acetylation

and methylation maps [42,48] in an effort to correlate

these modifications with corresponding transcriptional

activity. Hyperacetylation of H3 and H4 and hyper-

methylation of H3 appear to be common themes

employed to activate transcription; conversely, the same

sites are deacetylated and hypomethylated to inactivate

gene transcription [49��]. Do these modifications occur on

intergenic regions or the coding regions? While global

correlation between methylation and demethylation

clearly appears to involve the coding region [42,49��],
location of acetylation and deacetylation appears to be an

issue. A study by Bernstein et al. [42] found the highest

correlation between histone acetylation of intergenic

regions and transcriptional activity. By contrast, Roh

et al. [50] found that the highest acetylation levels are

not associated with promoters, but the 50 coding region.

Nevertheless these studies clearly demonstrate the sign-

ificance of employing global mapping techniques in

investigating differential effects of post-translational mod-

ifications. A direct application of such studies would be the

identification of genes silenced by histone modification in

carcinogenesis [30]. The significance of such profiling for

transcription regulatory proteins is indisputable but such

studies have been strikingly lacking. Studies on differ-

ential modification of the same protein in diseased and

healthy states will provide enormous information and

open up new avenues for therapy and further research.

Future directions
It is a safe bet that the ChIP to chip assay, with its ability to

provide a genomic view of protein–DNA interactions, will

only grow in importance and utility. As mentioned above, a

critical issue is the development of suitable microarrays to

support these studies. Increasing commercial interest in

the ChIP to chip application and advances in digital

photolithographic synthesis of DNA microarrays [51,52]

will speed progress. Another issue, common to almost all

aspects of proteomics, is the need for large numbers of high

affinity and high specificity protein-binding agents. ChIP

to chip assays can only be performed when good antibodies

are available. This application is particularly demanding,

since the antibody must be capable of recognizing the

native protein. Many antibodies, even those that work well

for western blots, fail this more rigorous test. Again, how-

ever, it is fortunate that major strides are being made in

higher-throughput antibody production [53].

Another issue, which is perhaps less obvious, is the need

for alternative protein–DNA cross-linking methodolo-

gies. The use of formaldehyde has two limitations. First,

because this reagent cross-links both proteins with each
www.sciencedirect.com
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other as well as to DNA, ChIP experiments report direct

as well as indirect binding of proteins to DNA. A method

that produced only protein–DNA cross-links would be a

valuable complement, allowing these scenarios to be

distinguished. One possibility would be laser-induced

UV cross-linking [54] if conditions could be devised to

reverse the cross-link, allowing the DNA to be amplified.

Another problem with using formaldehyde, a general

fixative, is so much material is cross-linked to the

DNA that it is extremely difficult to employ restriction

enzymes to digest the chromatin sample. This is unfor-

tunate, since cleavage of the chromatin at specific posi-

tions would greatly increase the resolution of the

technique. Physical shearing of the DNA produces ran-

dom fragments with an average size of � 500 bp, defining

the limit of the resolution of the current method. This is a

particularly important issue in organisms such as yeast

with relatively compact genomes.

Conclusion
In summary, the development of the ChIP to chip assay

has provided an extraordinarily powerful tool for the

analysis of DNA–protein interactions in living cells or

tissues on a global scale. In the near future, further

advances in microarray construction and the increased

availability of useful antibodies will increase the utility of

this approach even more. Genomic profiling of transcrip-

tion factor-binding sites, histone modifications, etc. will

almost certainly emerge as a central tool in understanding

the systems biology of gene regulation in eukaryotic cells.

In addition, studies of the genomic distribution of nuclear

proteins that are not sequence-specific DNA binders,

such as general transcription machinery, the proteasome

and its component pieces, DNA replication and repair

complexes, etc. will shed new light on fundamental

aspects of basic genome function and maintenance.

Already, the realization that the majority of transcription

factors examined to date are localized outside of promoter

sequences has contributed significantly to our growing

realization of the importance of abundant non-coding

small RNAs in the cell.
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