
Dynamic Article LinksC<Analyst

Cite this: Analyst, 2011, 136, 3060

www.rsc.org/analyst CRITICAL REVIEW
To understand the whole, you must know the parts: unraveling the roles of
protein–DNA interactions in genome regulation†
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The regulation of gene transcription is fundamental to the existence of complex multicellular organisms

such as humans. This process dictates which genes are expressed in which tissues, and controls how

various cell types grow, differentiate, and respond to their environments. Although the deciphering of

the human genome sequence has given us the ‘‘source code’’ for life, we still know far too little about the

mechanisms that control which sets of genes are active in which tissues, and how their expression is

regulated. It is clear, however, that much of this system depends upon the sequence-specific interactions

of regulatory proteins with particular genetic loci. To be able to unravel the details of these interactions

on a genome-wide basis, it is necessary to know what proteins are bound to the DNA where in the

genome, and to be able to monitor how those proteins change over time and in response to external

stimuli. Developing a new technology to provide this information constitutes a ‘‘Grand Challenge’’ for

Analytical Chemistry. In this brief article we outline the nature of this challenge, and propose one

strategy to address it.
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Introduction

One of the most important biological functions of a cell is the

regulation of gene transcription to translate the information

encoded in the genome into biological function. Gene expression

is primarily controlled by the availabilities and activities of

specific transcription factors and other regulatory proteins and
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by the physical accessibility of specific genomic regions to the

transcriptional machinery.1 These DNA-binding proteins influ-

ence genetic expression by interacting with promoters,

enhancers, silencers, insulators and locus control regions, both

proximal and distal to a gene.2 Despite the availability of the

entire sequence of many genomes, our empirical knowledge of

the DNA sequences that are targeted for binding by regulatory

proteins is limited, and the prediction of these sites and sequences

computationally from DNA sequence information continues to

prove challenging.3 This situation was underscored by the

Encyclopedia of DNA Elements (ENCODE) Consortium,2 an

international effort to analyze and annotate the human genome

and its DNA sequence. To quote from their findings, ‘‘Consensus

sequences of transcription factor binding sites (typically 6 to 10

bases) have relatively little information content and are present

numerous times in the genome, with the great majority of these

not participating in transcriptional regulation. Does chromatin

structure then determine whether such a sequence has a regula-

tory role? Are there complex inter-factor interactions that inte-

grate the signals from multiple sites? How are signals from

different distal regulatory elements coupled without affecting all

neighboring genes?’’

We briefly review below the roles that chromatin structure and

accessibility, epigenetic modification to histones and DNA, and

critical genomic regulatory elements play in controlling tran-

scription. We then will make the case that the major missing

component in gaining a complete understanding of gene tran-

scription is knowledge of the identities and locations of the

proteins that associate with and control expression of the

genome. Developing a technology that will reveal this informa-

tion constitutes a ‘‘Grand Challenge’’ for Analytical Chemistry.
Chromatin changes and histone modifications

Modification of histone proteins affects the accessibility of

genomic DNA in the nucleus to the protein machinery respon-

sible for translation. Genomic DNAwithin the nucleus of a cell is
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normally packaged into a smaller volume by forming a complex

with histones and other structural proteins. This complex of

protein and DNA, referred to as chromatin, provides multiple

layers of structural organization. The base unit of chromatin, the

nucleosome core particle, comprises 147 base pairs of DNA

wrapped 1.6 times around a core histone octamer. This octamer

consists of two molecules each of the four core histone proteins:

H2A, H2B, H3, and H4. A short span of ‘‘linker’’ DNA connects

adjacent core particles and is capped in mammalian cells by

a molecule of linker histone H1. Further levels of compaction,

and the addition of scaffold proteins, produce complex

arrangements creating chromatin fibers of varying thickness and

with different transcriptional activity. DNA in highly compacted

fibers is usually transcriptionally inactive, and genes in those

regions are not actively expressed. In contrast, DNA regions that

are actively transcribed are usually opened to provide for access

of transcription factors, regulatory proteins, and required

enzymes to copy the DNA sequence into RNA molecules.4

Accessibility of chromatin and the packaging of DNA into

condensed structures are mediated by changes in structural

proteins associated with chromatin. Specifically, the N-terminal

tails of histone proteins at the core of the nucleosome undergo

extensive posttranslational modifications, including acetylation,

methylation, phosphorylation, ubiquitination, ADP ribosyla-

tion, biotinylation, citrullination, and sumoylation.5 As early as

1964 Allfrey et al. observed that increased histone acetylation

levels correlate with active transcription.6 Conversely, histone

methylation has been linked to gene repression.7 Antibodies

targeting specific histone modifications have uncovered site or

pattern-dependent correlations between modification and gene

activity. Turner et al., for example, examined Drosophila poly-

tene chromosomes to revisit Allfrey’s findings.8 With antibodies

specific to each of the four acetylation sites of H4, they found

strikingly divergent staining patterns: acetylated lysine 5 or lysine

8 (acK5 or acK8) stained throughout euchromatin (extended

chromatin) regions, while acK12 was overrepresented in

heterochromatin (condensed chromatin) and acK16 localized to

the male � chromosome. These and subsequent studies9 led to

the proposal of the histone code hypothesis by Strahl and Allis:

‘‘multiple histone modifications, acting in a combinatorial or

sequential fashion on one or multiple histone tails, specify unique

downstream functions’’.10 This hypothesis essentially proposes

that the location of histone cores along the DNA is not static.

Rather, different types of histone modification(s) modulate and

alter the binding of DNA to nucleosome cores in chromatin

structures, and thus affect transcriptional activation or

repression.
DNA methylation

In addition to the modification of histone proteins, chemical

modification of the DNA molecule itself has also been shown to

affect the level of gene expression. DNAmethylation11,12 involves

the addition of a methyl group, commonly to the number 5

carbon of the cytosine pyrimidine ring. In adult somatic tissues,

DNA methylation typically occurs in a CpG dinucleotide.

Clusters of CpG dinucleotides (CpG islands) are often found in

regulatory regions surrounding genes, and increased methylation

of these regions is correlated with suppression of transcription.
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DNA methylation may affect transcription of genes by physi-

cally hindering the binding of transcriptional proteins to the

gene, or by preferentially binding to proteins known as methyl-

CpG-binding domain proteins (MBDs). MBDs bind to histone

deacetylases and other chromatin remodeling proteins that can

modify histones, thereby forming compact, inactive chromatin,

which has been associated with a variety of human disorders. The

loss of methyl-CpG-binding protein 2 (MeCP2) has been impli-

cated in Rett Syndrome13 and methyl-CpG binding domain

protein 2 (MBD2) mediates the transcriptional silencing of

hypermethylated genes in cancer.14

Identification of gene regulatory elements and DNA-
binding proteins

Experimental methods to identify DNA-binding proteins and

their specific position of binding are beginning to emerge15–19 and

will undoubtedly become more powerful as comprehensive

databases and informatics tools for transcription factor inter-

action networks become available.1 However, no methodologies

exist to probe protein–DNA interactions on a genome-wide

scale. Traditionally, individual DNA sequences are investigated

for binding of nuclear proteins using electrophoretic mobility

shift assays (EMSA).20 In this approach, protein binding is

assessed by examining the mobility of the DNA fragment on the

gel, which is retarded if the DNA is bound by proteins. While this

method is often used to test whether a particular DNA sequence

has the ability to bind nuclear proteins, it does not allow routine

identification of the bound proteins, and is only suitable for the

analysis of individual DNA sequences. Similar to EMSA,

DNaseI footprinting21 has been used to analyze protein–DNA

interactions in vitro whereby proteins of interest (e.g. nuclear

extracts) are allowed to bind to a DNA fragment. The fragment

is then cut with DNaseI and/or other agents, generating a series

of smaller fragments of various sizes. The part of the DNA

bound by a protein cannot be cut, resulting in a gap in the ladder

of small fragments produced. This approach can be applied

genome-wide by using DNA tiling arrays.22 It is important to

note, however, these methods do not provide information on the

nature of the protein–DNA interaction that is present in vivo,

which is critical to understanding the regulatory mechanism and

dynamics.

Alternatively, numerous methods have been developed that

allow the investigation of individual proteins and their interac-

tion with DNA. Chromatin immunoprecipitation (ChIP) is

probably the most widely accepted method for studying protein–

DNA interactions.23,24 Cross-linking by formaldehyde, followed

by sonication to generate DNA fragments of a few hundred bp

with physically attached proteins, is common for ChIP analysis

of non-histone proteins. Other crosslinking agents have also been

employed,25 although this is less widespread. Antibodies specific

to a protein of interest, including specific PTMs, are used to

immunoprecipitate the protein–DNA complex. The DNA frag-

ments are then dissociated from the protein and analyzed by

PCR, real-time PCR, DNA microarray (ChIP-Chip), or

sequencing (ChIP-seq).26 The resolution and coverage of ChIP-

Chip ultimately depends on the composition of the DNA chip.

Efficient sequencing of short DNA fragments following ChIP

(ChIP-seq),27 on the other hand, may reveal unexpected protein
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binding sites within DNA sequences that have not been pre-

selected.

Both DNaseI and ChIP-Chip approaches have been used

extensively by the ENCODE Consortium to reveal transcription

factor binding sites using antibodies against a growing panel of

sequence-specific transcription factors, components of the

general transcription machinery, and modified histone proteins.

In addition, the Consortium tested more than 600 potential

promoter fragments for transcriptional activity by transient-

transfection reporter assays in different human cell lines. This

functional test is the primary validation of a biological role of the

identified DNA sequences. However, such validation is elaborate

and difficult, and negative results do not prove that a particular

sequence is without biological relevance in transcriptional regu-

lation (it may simply not play a significant role in the cell system

tested).

New methods for mass-spectrometric identification of proteins

binding to specific genomic loci are also beginning to

emerge.17–19,28–31 Early attempts at accomplishing this involved

exposure of synthetic dsDNA as bait to trap specific DNA-

binding proteins from nuclear extract.28–30 The technique of

SILAC (Stable Isotope Labeling by Amino acids in Cell culture)

has been used to improve the confidence of such methods.17

These ex vivo approaches have an advantage in that large

amounts of DNA and extract can be used to isolate sufficient

material forMS identification. In contrast, in vivo approaches are

considerably more challenging because the DNA sequence of

interest may be present at a level of as few as one copy per cell.

Butala et al.18 were able to achieve successful identification of

proteins from protein–DNA complexes formed in vivo in bacteria

by increasing the abundance of the DNA through clever use of

a low copy number plasmid containing the sequence of interest

and LacI to facilitate extraction. D�ejardin and Kingston19 used

locked nucleic acid (LNA) probes to isolate genomic DNA with

its associated proteins. There, they captured telomeric sequences,

which are highly repetitive regions at the end of chromosomes, to

obtain sufficient material for protein identification. It remains to

be seen if any of these methods can be multiplexed for parallel

analysis of multiple gene sequences. Furthermore, none have yet

demonstrated sensitivity for identification of in vivo bound

DNA-binding proteins when the sequence of interest is present at

only a single copy per cell.
A ‘‘Grand Challenge’’ for Analytical Chemistry

Based on this brief overview, it is clear that a complete analysis of

transcriptional regulation and the identification of mechanisms

underlying changes in gene transcription observed in physio-

logical systems or disease will require a comprehensive analysis

of global gene expression, DNA methylation, protein–DNA

interactions and histone modifications, including the resulting

changes in nucleosome positioning and DNA binding. While

technologies already exist for the genome-wide analysis of gene

transcription and DNAmethylation, there is a desperate need for

new technologies that enable the comprehensive parallel analysis

of all protein–DNA interactions (including histones) without prior

knowledge or assumptions.

Howmight this be achieved? One powerful strategy that we are

pursuing as part of the Wisconsin Center of Excellence in
This journal is ª The Royal Society of Chemistry 2011



Genomics Science is called GENECAPP, for Global ExoNu-

clease-based Enrichment of Chromatin-Associated Proteins for

Proteomics, and is illustrated in Fig. 1. In this approach,

a specific DNA fragment is captured in a sequence-specific

manner, allowing the isolation and subsequent characterization

of all proteins bound to that region. As for chromatin immu-

noprecipitation, formaldehyde may be used to crosslink proteins

and DNA in vivo, locking into place the protein–DNA interac-

tions which are present at that time. The chromatin is then

fragmented, either by a physical means such as sonication, or by

restriction enzyme digestion. An exonuclease then removes one

of the two strands of the duplexes protruding from the complex,

leaving behind a free single-stranded region suitable for DNA

hybridization. Incubation of this material with a solid support

modified with complementary single-stranded DNA capture

probes results in specific binding of the chromatin fragments of

interest along with associated proteins. Subsequent character-

ization of these bound proteins by standard proteomic mass

spectrometry techniques provides a comprehensive identification

of all proteins that are bound to the targeted DNA region, and

potentially the characterization of posttranslational protein
Fig. 1 The GENECAPP (Global ExoNuclease-based Enrichment of Chrom

cation of proteins bound at specific genomic loci begins with fragmentation of

of DNA are created on each fragment using an exonuclease to digest one of the

hybridization to the free single-stranded portions of DNA on each fragment p

spectrometry.
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modifications. Parallel analysis of many regions across the

genome can be achieved by using the multiplexing capabilities of

either array-based or bead-based platforms with multiple capture

oligonucleotide probes that are complementary to targeted DNA

regions of interest.

Although this would appear to be a conceptually straightfor-

ward task, it is in fact an extremely challenging proposition (and

hence worthy of the term ‘‘Grand Challenge’’!). The biggest

obstacle to the successful implementation of this approach

involves detection sensitivity. In the ChIP approach, the

captured nucleic acid is amplified by PCR, to convert trace

amounts of captured DNA into the much larger quantities

needed for subsequent identification and analysis. However,

since no such capability is available to amplify trace amounts of

proteins, one must make do with what one is able to capture. A

specific discovery proteomics experiment, for example, may

require as much as a picomole of a protein of interest to be

captured and available for mass spectrometry analysis. If the

protein of interest is present at a very low abundance (e.g. a single

copy of the protein binds to a specific target sequence), as is often

the case for ‘‘master regulators’’ of gene expression such as
atin-Associated Proteins for Proteomics) strategy. The parallel identifi-

cross-linked chromatin from fixed cells or tissues. Single-stranded regions

two DNA strands. Individual fragments are captured on DNA arrays by

rior to proteolytic digestion and identification of the proteins using mass

Analyst, 2011, 136, 3060–3065 | 3063



transcription factors, the approach described above, at best,

would allow the isolation of a single protein copy per cell.

Obtaining a picomole of protein, accordingly, would require at

least a picomole of cells, that is 6 � 1011 cells. In tissue culture of

human cells, 106 cells per ml of culture media is a reasonable

standard cell density, which leads one to the somewhat less

reasonable projection of 105 ml or 102 litres to capture and isolate

the necessary amount of protein for the mass spectral analysis.

These 100 litres of cell culture medium would need to end up

eventually in a volume of a few microlitres for the mass spectral

analysis, a concentration factor of well over a million.

So, is this at all plausible? Sure, but it clearly is not easy.

Continuous advances in instrument sensitivity for mass spec-

trometers suggest we may need well less than a picomole of

a protein of interest for mass spectral analysis. Furthermore,

proteins of interest will be present at much higher levels than one

copy per cell (e.g. histone proteins on a DNA fragment with

multiple nucleosomes, or transcription factors that bind as

dimers or multimers or contain multiple binding sites for coop-

erative binding). With such revised assumptions, the total

required culture volume for cells may be significantly reduced.

For individual studies of high importance, it is certainly plausible

that an investigator would be willing and able to produce the

requisite tens to hundreds of litres of cell culture. However, for

the approach described above to have widespread impact, it

would be most advantageous to develop very efficient strategies

for isolating and concentrating molecules of interest away from

the complex cellular background, and to push the state of the art

in mass spectrometric analysis as far as possible, thereby

reducing the requirements for such voluminous and expensive

cell culture work at the front end. Much work will also need to be

done to implement the multiplexed technology necessary to

probe many sites across the genome in parallel, and the tech-

nology will have to be rapid, efficient, and inexpensive, in order

for it to be feasible to study the critically important dynamic and

spatial variations occurring in cells and tissues during processes

such as development, differentiation, and cellular communica-

tion and signaling.

The challenge does not end there. Other noteworthy issues and

questions to be addressed include:

� Will the kinetics of the formaldehyde cross-linking be fast

enough to capture transient protein–protein interactions, which,

although weak, may nonetheless play critical roles in gene

regulation?

� Will there be enough DNA present and accessible in the

fragmented chromatin for robust DNA hybridization to solid

supports?

�Will it be possible to identify posttranslational modifications

of the bound proteins and monitor how they vary with time?

� Will it be possible to obtain not just qualitative, but also

quantitative information on all forms of the proteins?

� Will it be possible to integrate the results that are obtained

with information from other studies (e.g. genome sequence

variation; gene expression analysis) to develop an integrated view

of the system-wide regulation of gene expression?

These and many other issues will have to be tackled as the

development of this novel and important new technology

proceeds. The reward for this effort will be critical new insights

into the workings of the genome, leading eventually to the much
3064 | Analyst, 2011, 136, 3060–3065
fuller understanding of normal and disease biology that is the

ultimate goal of biological research worldwide.
Conclusions

The successful sequencing of the human and many other

genomes has ushered in a new age in Biology—the ‘‘Genome

Age’’. Armed with this ‘‘Blueprint of Life’’, we must now learn

the mechanisms that control which sets of genes are active in

which tissues, and how their expression is regulated. New tech-

nologies are needed to provide information on how organisms

control and express their ‘‘source code’’. In this brief article we

have described the need to know what proteins are bound to the

DNA where in the genome, and to be able to monitor how those

proteins change in time and in response to external stimuli. We

have outlined one possible strategy for obtaining this informa-

tion. Addressing this problem clearly constitutes a ‘‘Grand

Challenge’’ in Analytical Chemistry.
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