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PREFACE TO VOLUME 1

This volume is the first of a series concerning s new technol-
ogy which 18 revolutionizing the study of biology, pérhaps as pro-
foundly as the discovery of the gene. As pointed out in the intro-
ductory chapter, we look forward to the future impact of the tech-
nology, but we cannot see where it might take us. The purpose of
these volumes 1is to follow closely the -axplceaion of new techniques
and information that is occurring as a result of the newly-scquired
ability to make particular kinds of precise cuts in DMA selecules.
Thus we sre particularly committed to rapid publication.

Jang K. Setlow
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GENQMIC FOOTPRINTING

P. B, Becker and G. Schiite

German Cancer Research Center
Institute of Cell and Tumor Biology
Im Neuenheimer Feld 280 .
5900 Heidelberg, F.R.G.

INTRODUCTION

The recent development of powerful in vitro methods has led
to rapid progress in the characterization of protein factors that
bind to conserved sequence motifs within promoter and enhancer
elements. By unknown mechanisms they contribute to the observed
transcriptional specificity with regard to cell type, ' develop~
wental timing and environmental responsiveness (1-3). Many of
these DNA binding activities can be agssayed in crude nuclear
extracts (4,5) after binding to their target sequence on a cloned
DNA fragment by DNase I footprinting (6) or gel retention (7,8).
In the eukaryotic nucleus, however, the genomic DNA 1is complexed
with histones and a large number of non-histone proteins to form g
highly compacted and orgaunized structure (9,10).  Given the con-
densed nature of chromatin, it is not obvious that protein-DNA
interactions as defined im vitro actually occur in the nucleus of
a living cell, - ' :

Thé introduction of the genomic sequencing technology by
Church and Gilbert (l1) for the first time allowed the direct
analysis of protein~DNA interactions in wvivo. It employs the use
of sequencing gels that permit the separation of genomic DNA frag-
ments with eingle nucleotide resolution and a sengitive hybridiza-
tion technique to visualize selectively the region of interest
from amongst the rest of the genome. The method allows the detec~
tion and accurste mapping of nicke and breaks in the DNA backbone
due to enzymatic (e.g., DNase I, 51 'nuclease, topoisomerase) or
chemical treatment 1u .the context . of the complete manmalian
genome, Likewise, sites of chemical modification at nucleotides
can be monitored if reactions are available that introduce single
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2 P. B. BECKER AND G. SCHUTZ

or double-stranded breaks at those positions [e.g., the standard
sequencing reactions (12)]. While the method was developed initi-
ally to reveal methylation at CpG dinucleotides within genonic DNA
(11,13,14), ite most rewarding application so far has been the
direct footprinting of proteins that occupy thelr target sequences
in the nucleus of an intact cell. This “genomic footprinting”,
following the dimethylsulfate (DMS) treactivity of guanines (15) in
intact cells, has been employed successfully to study in vivo
protein-DNA interactions in prokaryotes (16,17), yeast (18) "and
asmpals (19-22). One of the most recent studies (22) has indeed
revealed that the mere presence of protein factors in nuclei that
are capable of binding to cloned DNA fragments in vitro is not
sufficient for interaction with their target sequences in vivo.
This observation suggests a higher order of regulation, “such as
changes in chromatin structure or DNA modification, that modulates
the access of factors to their binding sites. Genoaic foot-
printing is thus of decisive importance in establishing the
. biological significance of protein-DNA interactions observed in
vitro and addresses the question as to whether ubiquitoualy
Present factors have access to DNA in chromatin at their preferred
sites of interaction. Furthermore, it permits the characteriza-
tion of factors that are unstable during extract preparation and
purification (e.g., reference 20).

" In this chapter we give a detailed description of the
methodology involved in genomic footprinting with emphasis upon
IMS (dimethylsulfate) rveactivity experiments in intact mammalian
cells. The experimental conditiond described rely on the
ploneering work of Church, Ephrussi and Gilbert (11,19,23) with
modifications and improvements added more recently (20,22).

GENOMIC FOOTPRINTING
Principle

Crucial to the succese of the method is the use of DMS (15),
a small chemical that enters the nucleus of an intact cell by
diffusion, allowing a direct analysis of proteins binding to DNA
in vivo without prior isolation of auclei. While some results on
protein-DNA interactions have been obtained in studies on isolated
nuclei both using DMS (23) and DNase I (24,25), it has become
obvious from our earlier experiments, as well as published results
(e.g., compare 19,23), that protein-DNA interactions are weakened
or lost in isolated nuclei, most likely due to leakage of factors
during the isolation procedure.

Por in vivo analyses intact cells are incubated with DMS
under conditions that result in partial methylation of genomic DNA
at the MNy-positions of guanines as well as the N3-position of
adenines. For footprinting purposes it is wost usual to assay the
reactivity of the N7 residue of guanines (Gs) since it {s situated
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in the major groove of the DNA that is frequently a site for
binding proteins. We assume that if the DNA in the nucleus were
homogeneously accessible, all reactive residues would be modified
to a similar extent. The tight binding of factors to specific
sites, however, will alter the reactivity of Gs. A contact within
the major groove will protect the N7 residue from methylation
resulting in a reduced reactivity (Figure 1). Enhanced modifica-
tion, supposedly the result of locally increased DMS concentration
in hydrophobic pockets of the protein (15), is frequently observed
as well.

After the methylation reaction the genomic DNK is purified,
cleaved with a suitable restriction enzyme and the backbone of the
DNA broken at positions of methylated guanines by piperidine (12)
(see Figure 1). The highly complex mixture of ~genomic fragments
is then separated on a denaturing polyacrylamide gel with single
nucleotide resolution. DNA 1is electrophoretically transferred

Bad oo 4B
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Figure 1. The principle of a genomic footprinting experiment. A
protein binding to DNA protects the guanines contained in its
binding site from methylation with dimethylsulfate. DNA fragments
after the steps 1 to 3 that are indirectly endlabeled and contri-
bute to the genomic guanine sequence are shown. The guanine
pattern is visualized on the autoradiograph after steps 4 to 8.
Binding of a protein to a specific sequence leads to changes in
the reactivity of guanines that are reflected by changes in the
intensity of the corresponding bands when compared to coantrol
experiments in which the protein does not occupy its binding
site. R = restrictioh site.
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onto & nylon membrane and covalently crosslinked to the membrame
by UV irradiation. To visualize the genomic sequence of interest,
the fragsents that contribute to the guanine sequénce ladder
(rigure 1) are selectively labeled by hybridizing a small single-
stranded DNA probe to their ends. This indirect endlabeling of
only a small subset of the genomic fragments replaces the direct
enilabeling of cloned DNA in in vitro footpriating experiments.
Autoradiography of the hybridized membrane reveals the guanine-
spetific sequeénce ladder of the genomic reglon to be analyzed.
The intensity of each band on the ﬂ.ln reflects the reactivity of
the corresponding gusnine in the celll'towards methylation. Com-
parison of tha reactivity of each G with those in control reac-
tions indicates sites of protéin coantact to the DNA. Figure 2
shows a repredentative result. About 200 nucleotides of the rat
tyrosine aminotraunsferase (TAT) gere promoter are analyzed.
Cowparison of the im vivo reactivity of each guanine in cells that
either do (E) or do not (n) transcribe the TAT gené reveals
protected as well as enhanced bands suggesting sites of bound
protein in the expressing cells (for details see reference 22).

Problems

The wmost critical step in  genomic footprinting 4is the
hybridization which has to be hi&y seénsitive, yet very strin-
gent. Not only have ainute amounts of DNA (in the order of
fg/band) to be detected, but this DNA Kas to be visualized selec-
tively from amongst the lafge (107-fold) excess of total genomic
DNA. It is essentially the ratio of specific to undpecific
hybridization and membrane backgrouad that deteraines whether an
experiment will be successful or not. Here wa describe conditions
under which a satisfying result is usually achieved.

Further problems involved are related more to biological
rather than technlcal parameters and, -thus, differ in every sys-
tem. The quality of an in vivo footprint mainly depends on the
complexity of the genome “analyzed and on the occéupancy of the
target site by the DNA' :binding protein. Heterogeneity in the cell
population with regard to the function analyzed due to mixed cell
types, cell cycle depéndence in unsynchronized cultures or vari-
able rupons:lveness to certain environmental stimuli will obscure
the tésults. - The occupancy of a factor within a cell is aleo
tufluencéd by its ab\mdanco and its affinity to :lu bindlng ‘sites
(on~ and ‘off<rates). ’

*- The reagent ftself, DMS, already presents a certain biao to
the study. Clearly, only those binding sites that contain
guanines as dssential parts will yield a footprint.- - Furtherwore,
only those protein~DNA {mteractions  that “femain stablé sfier a
degree of methylation of the protein factor ttself will be moni-
tored successfully. It is quite obviocus from these considerations
that not every bianding protetn will be detected equally well, and
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Figure 2. A genomic footprint of the rat tyrosine aminotrans—
ferase (TAT) géne promoter in expressing end nonexpressing cells.
Each band corresponds to a genomic guanine or a group of un-
resolved guanines. Comparison of the intensities of each band im
cells that either express (E) or do not express (n) the TAT gene
reveals guanines of protected and enhanced reactivity (arrows) in
the expressing cell (for details, see reference 22).

that a successful genomic footprinting analysis need not reveal
every protein-DNA interaction that is- occurring in the * intact
cell. -

“IN VIVO METHYLATION OF DNA

The parameters of the im vivo methylation reaction such as
the number or conceatration of cellis, the amount of DMS added as
well as the exact reaction time appear not to be very criticsl.
it is, however, of importance that all trace of DMS is removed
from the sample ounce the reaction is stopped.  For convenience,
the methylation is performed on a large number of celle at a time
to yield eaveral hundred micrograme of wodified DRA. Since



6 - P. B. BECKER AND G. SCHOTZ

aliquots of this DNA are used for each individual footprint
analysis, mamy distinct genbmic regions can be analyzed with DNA
of one in vivo methylation reaétion.

" AS D s one of thé wost carcinogenic drugs in laboratory
use, caré should be taken to insctivate all DMS-containing solu-
tions as well as used plastic ware in S to 10 M NaORH.

The following protocol for im vivo methylation results in
partial modification of guahine residues equivalent to approxi~
mately 1 methylation per 500 base pairs. 1 to 2 x 10% wammalian
cells are mildly trypsinised and resuspended in 1 ml of complete
culture mediom (including fetal telf serum) in a 14 ml disposable
polypropyleae tube (Creinér). They are cooled to about 20°C by
short chilling om ice before 5 sl of DMS (Fluka, puriss. peAe;
stored in the dark at 49C undet aitrogen) are added. The reaction
is mixed by whirling aad 1@“2« ‘for 5 min at 20°C. It 1s then
stopped by addition of 10 ml fce-cold P8BS (140 =M NaCl, 2.5 mM
KCl, 6.5 mM NapBPQ4, 1.5 @M KH2PO4; pH 7.5). The tubes are
chilled on ice and the cells quickly removed from the DMS-coutain-
ing solution by ceatrifugation (5 min, 2.5 krpa, 4°C). The fol-
lowing steps are all performed with ice-cold solutions and cooled
(4°C) centrifuges. The cell pellet is washed again with 10 al
PBS. In order to remove DMS trapped in the cytoplasm, nuclei are
isolated: the cells are suspended in 1.5 @l of 0.3 M sucrose, 60
mM.KC1, 15 =M NaCl, 60 =M Trie/Cl pH 8.2, 0.5 mM speraidine, 0.15
mM spermine, 0.5 mM RDTA, 2 sM EGTA, and another 1.5 ml of the
same buffer containing 1% Nonidet P40 is added. The sample 1s
mixed well, cell 1lysie taking 5 min on ice. The nuclet dre
pelleted (5 min, 3 krpm; 40C) and washed with 5 =l of the above
buffer without sucrose or Nonidet P40. They &ve resuspended in 1 -
ul 0.5 M EDTA and sarcesyl (l-uurn‘ylureonlm,_sm) and RNAse A
are added to 0.51 and 250 ug/ml final concentration, respectively.
The RMA is digested for 3 hr at 379C. Finally, proteitase K is
added to 250 ug/ml and thé ssmpie 1s incubsted at 37°C overnight.

PREPARING THE DNA POR A "GENOMIC™ BLOT

The genomic DNA after methylation should mnever be heatéd
above 379C as this leade to uncontrolled apurination under meutral
conditions which results in the appesrance of adénine-specific
cleavage products 1in addition to the desired guanine-specific
signals. Nevertheless, some degridation due to apurination of the
genomic DNA during the purification is unavoidable, but the re-
sults of the footprinting gels are usually nét adversely affected.

~ The clear and viscous lysate safter the proteinsse K tieatment
is extracted twice with phenol (containing 0.1iX (w/v) 8-0B-
quinoline and equilibrated with 100 wif Tris/fHCl pH 8.0, 10 =M
EDTA). Because of the high EDTA concentratiom in the sample, the
organic phase will be abové the aqueocus one atd can easily be
removed together with the inteiphase. The aqueous phase, however,
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is-the top phase in the subsequent extraction with phenol/chlero-
form (1:1, equilibrated as above) and is recovered. DNA 1s
dialyzed overnight agsinst 3 liters of TE (10 mM Tris pH 8.0, 1 aM
EDTA) at 49C with one change of buffer. The dialysate is adjusted
to 0.3 M sodium acetate and DNA precipitated with ethanol, washed,
dried and dissolved in 1 ml TE. The samples aré stored frozeam at
=-209C. ,

For a genomic blot 30 ug of the DNA samples are cleaved
overnight with 2 units/ug restriction enzyme of choice (see below)
in a volume of 300 ul. Bovine serum albumin (100 pg/sl, nucleic
acid enzyms grade) is included for stabilization of the enzyme.
The digest is stopped by adjusting to 10 mM EDTA and 0.3 M sodiua
acetate, DNA is precipitated and washed with 80% athanol. The dry
pellet is dissolved in 100 ul of 1 M piperidine (Sigma grade 1,
freshly diluted in water from a 10 M stock stored in the dark at
4°C). After incubation at 90 to 959C for 30 min, the reaction is
. chilled on ice and the solution transferred to & fresh tube. DNA
is precipitated with ethanol, washed and dried for at least 2 hr
ifn the speed vac concentrator. The pellet, which may be spread
over the tube wall, is resuspended in 20 ul water and dried again
for at least one hr (up to overnight). DNA now very easily die-~
solves in 3 pl of loading buffer [94X deionized formsmide (Fluka),
0.05% xylene cyanol, 0.05% bromophenol-blue, 1 mM EDTA pH 8].

CONTROLS

In order to facilitate the unambiguous identification of the
genomic sequences, sequence standarde should be. included. PFor
this purpose cloned DNA corrasponding to the region of the genoiie
to be analysed is cleaved with the restriction enszyse that creates
the ends used for indirect labeling and subjected to the standard
sequencing reactions (12). Finally, the reactign products are
diluted (with formsmide loading buffer plus 100 pg/el sheared
salmon spera DNA) to genome equivalent abundsnce, taking into
account the complexity of the genome (3 x 109 bp for memmals) and
the intended amount of DHA to be loaded on the gel (usually 30
48). Thus, for a plasmid of 3 kb size, 30 pg of DNA equals one
genome equivalent. These 30 pg are applied to the "genomic” gel
in 3 ul loading buffer. _ .

" To wonitor intrineic reactivity differences of guanines due
to microsequence environsment protein-free genomic DNA can also be
reacted with DMS in vitro following the standard procedure (12).
Indeed, not all G-residues are equally reactive towards the
chemical, in particular guanines flanked or followed by thyaidine
residues appear Lo be hyperreactive. Unfortunately, sany of these
in vitro hyperreactivities are not observed in in vivo methylation
experiments. This could be explained either by genulne chromatin
features or simply by differences in reaction conditions. The
reaction conditions im vitro, where protein-free DNA in cacodylate
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buffer is easily aecessible to DMS, and in wivo, where genomic DNA
1e complexed into chromatin within a nucTeus of a living cell and
where most of the reagent is likely to be trapped by cytoplasmic
proteins, are obviously different. Resulte of methylation reac-
tivity experiments can therefore be interpreted with greatest
confidence 1if the reactivity patterns obtained from cell types
that differ in the particular aspect to be analyzed are compared.
Examples of this are cells either treated or anot with a certain
inducing agent, or different cell types that do or do not exprees
the gene of iaterest. o

The methylated DRA obtained from an in vive footprinting
éxperiment can be used to analyze several independeat loci. Thus,
protein-DNA interactions deduced from analyses of a particular
site can serve as internal control that helps to iaterpret nega-
tive findings at other gites with confidence if DNA from the same
in vivo methylation experiment is used.

MARING MEMBRANES FOR mnIDIZATIOH

The separation of the piperidine~treated DNA gamples on
polyacrylamide gels and the subsequent electroblot of the DNA to
the membrane 'is performed according to routine protocols. The
blotting of a sequencing gel of at least 40 cm length, however,
needs certain technical attention. Since home-made devices for
electroblotting and UV-crosslimking are often used, optimal
conditions for the transfer of the DNA tc :the membrane have to be
deterained for each setup. Any test designed to reveal optimsl
traasfer conditionr should; not marely rely on wmeasuring the
binding of eiidlabéled DNA to the membrane, but sust aleo include a
hybridization step. Efficient binding of DNA to a nylon meabrane
does not necessarily guarantee optimeal hybridization effici-
encies. An extreme case is the Gene Screen plue membrane (NEN)
which can retain wore than 801 of the transferred DNA after a
stringent wishing procedure. The DHA, however, 1is bound so
tightly that very little remains szvailable for hybridization.
Under the conditiohs we wse, 30 to 40X of the trausferred DNA is
retained on the Gene Screen (NEN) membrane after hybridizattion and
washing. _ S , ’ . Coa

We have exclusively used gels of 40 ca lemgth. While other
investigators have used gels up to 1 meter length (26), we feel
that the additional inforsation obtained with these long gels does:
not justify the special technical investments demanded. .

The DNA 3amples in loading buffer are denatured for 3 min at
950C and chilled on 1ice to avold reannealing. They are then
loaded and separated on & 6% denaturing polyacrylamide gal thet. is
prepared essentially like a standard sequencing gel (with high
quality cheaicals). It differs from the usual gels in the ratio
between acrylamide and bisacrylamide (which ie 39:1) and ite
thickness (1 am). Before the gel is poured, both glaseplates have
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to be freshly siliconized as the gel has to be removed for blot-
ting. The preferred electrophoresis buffer is TBE pH 8.8 [10 x
TBE = 162 g Tris base (Roth, p.A.), 27.5 g boric acid (Merck) and
9.5 g NagEDTA x 2 Hy0 (Tritiplex III, Merck) per liter]. The gel
is prerun at comstant voltage (e.g., 900 V for a gel of 30 x 35 x
0.1 cm size) until the current stabilizes. The runaning conditions
should be chosen such. that (unlike for sequencing gels) the
genomic gel heats up only moderately. It is convenient to load
dye markers next to the DNA-containing lames at intervals to mark
the area to be blotted. After sufficlent separation of the frag-
ments has been achieved, one glassplate is removed carefully and
the gel slowly covered vith ashless hardened paper (Schleicher and
Schlill; Art. No. 103 00187). The gel sticks tightly to the paper
and can easily be removed from the glass plate.

For the transfer of the DNA from the gel to the aylon
memabrane we use the blotting device supplied by the Harvard
Biological Laboratories detailed in reference 11. The Gene Screen
membrane, cut to the right size, is homogenously wetted by care-
fully floating it on the surface of the blotting buffer and
gubmersing. The gel on paper is directly put oato a dry scotch-
brite support and then buffer is poured onto the face of the gel.
The wmembrane is lajid om the gel. Trapped bubbles have to be
squeeged out carefully. The “sandwich”™ 1s completed by directly
putting the upper scotch-brite support onto the membramne. It is
tied tightly with rubber tubing and slowly submersed in & slanted
position in the blot buffer. Trapped air bubbles under the
scotch-brite can easily be seen and have to be avoided. The
blotting buffer is 0.5 x TBE pH 8.3 (10 x TBE = 109 g Tris base,
55 g boric acid and 9.3 g NazEDTA x 2 nzo per liter). It has teo
be changed after each transfer as it is spoiled by urea diffusing
from the gel. The blotting conditions that guarantee complete
transfer in this device (size 38 x 46 x 20 cm, containing 20
liters of buffer) are 60 min at 90 to 100 vqits (3 to 4 A). To
avoid undégirable heating of the buffer the traunsfer is carried
out in the cold room (4°C) vith precooled buffer. After complete
transfer the membrane is air-dried and then baked at 80°C in vacuo
for 20 min. The side which was in contact with the gel 1a en
irradiated with UV light (254 nm) from the 6 tubes of an invetted
transiliuminator from which the top panel has been removed. The
exact conditions are 20 sec, 20 ca distance, 5000 ;LHatts/cuz The
membrane is now ready for hybridization and can be stored seaied
in a plastic bag untili use.

PROBES AND PROBE SYNTHESIS

Probing Strategy B

The region of the genode that can be annlynd with single
nucleotide resolution is limited to about 30Q nucleotides by the
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resolving capacity of the polyscrylamide gels. The probe used for
indirect endlabeling of the geénomic fragments contributing to the
sequence ladder has to hybridize in close vicinity to the region
of interest. Some basic properties of a -euitable probe fragment
are schematically outlined in Figure 3. Ideslly, its size should
be between 100 to 150 nucleotides to aminimize hybridization to
fragments that do not terminate at the proper restriction site and
thus do not contribute to the desired sequence ladder (l1). It
sust be free of repetitive sequences, of moderate GC content
(probes with GC contents betwéen 35 to 55X have been used success-
fully) aad should not contain strong stop sites for Klenow poly~
merase (such as loang stretches of thymidines) 1if the strategy
suggested here is followed. It should abut the genomic restric-
tion site that crestes the end to be labeled by hybridization
(compare to PFigure 1). In addition to its strategic position in
the vicinity of the stretch of DNA to be analyzed, the restriction
site (R) itself has to be choden with care. The corresponding
restriction endonuclease has to cleave large amounts of genomic
DNA reliably, cheaply and compleétely (e.g., the enzyme should sot
be influenced by possible CpG methylation in its recognition
sequence). Thé restriction fragment created has to be long as
compared to the probe fragment {(larger than 500 nucleotides for
good results). Pollowing tha procedures described, genoaic
guanine sequence can be read unambiguously from position 70 from
the indirectly labeled end, part of the analyszed sequence over-
lapping with the probe (Pigure 3). :

_Probe Syni:heild

Clearly, a nth:y of atut 1es ¢an bc !ououd for effici-~
ent incorpordtion of highly [a3Zp] labeled nucléotides into a
short piece of micleic acid in ordetr t6 obtain & probe fragment of
high epecific activity. Both ENA probes (25) und single-stranded
DRA probes (11,20,26) have bean used for genomic sequencing. Wa
bete descride the method that has inittally been suggested by
Church and Gilbert (11) and, with modifications (20,22), ylelds
wost relisble results in our hands.

fegion 10 be anclaed
-k
'.ﬁ._,______'

GENOME _ | __ ... “",, SN / .

PROBE w = 100-180 m

Pigure 3. A genoafc ..qunctn. probe. Some properties of a
suitable probe in context of the génomic tegion to be analysed are
shown. R: restriction site.




