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THE GENOMIC SEQUENCING TECHNIQUE

George M. Church and Walter Gilbert
Biogen
Cambridge , Massachusetts 02 142

In a mammalian cell , the DNA corresponding to any
gene sequence is surround ed by DNA cor r esponding to some
million other such sequences. How can we study a specific
gene without isolating it away from al l others? We have
devised a technfque that will display the s e quence of any
gene without previous purification (Church and Gilb e rt
1983) .
Our method extends the Southern blotting technique to
a new degree of sensitivity . \.J'e use a radioactive probe
not just to identify a single r estriction fragment of DNA
but as a way of end-labeling a unique restriction
fragment. This end- label ing by hybridization is analogous
to the end- labeling that we do in the conventional DNA
sequencing , which enables us to display in any partial
di gest a series o f fragments extending out f r om the point
o f label ing as a series o f labeled bands separated by
size . Although the chemical DNA s equencing techniques
usually use onl y a single labeled phosphate, if the
hybridization probe is kept moderately short, on the order
of 100 nucleotides , it will serve as a end- label that can
display sequence running out several hundr ed bases beyond
the end of the probe .
We take total DNA and cut it with a rest r iction
enzyme, one of .whose cuts is close to the sequence of
interest. After we perform the chemical sequencing
reactions on that total DNA, we electrophorese the
~enatured DNA through a conventional sequencing gel.
We
load r rom 20 to 30 Y of DNA i n eac h l ane of the gel.
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Then , by electrophoresis per pendic ular to the gel plane i n
low ionic s trength buff er , we transfer the DNA out of the
ge l onto a nylon membrane . Irradiatio n with ultraviolet
li ght covalently immobilize s the DNA to the membrane . We
hybridize the membrane with a singl e- s tranded probe
cor responding t o a seque nce that runs from the restriction
cut of intere s t out abou t 100 ba ses into the fr agm ent that
we wish to explore. We use two types of probes . For
s ing le-stranded DNA probes , the probe is synthesized by
sub- c loning an app r opriate fragment i nto phage M13 ,
i solatin g Si ngle-strand ed virus , and the n using a
synthetic primer to prime the synthesis of 100 nucleotides
of DNA across pa rt of the insert . The prob e is sized and
separated fr om the viral DNA by a brief electrophoresis,
isolated fr om that gel, and used immediately. In these
probes , about 100 to 200 bases i n l e nr8h, abou t one out of
8 phosphates is radioac tive, about 10
DPM/y .
Alternat ively, we synthesize an RNA probe ~y sub-c l oning
into an SP6 vector and synthesizing an RNA tr a nscript with
the SP6 RNA polymerase . Iv; th an RNA probe, we find that
treatment with RNAse i s essential t o lower the
background . We do t he hybrid izat ion in a special buf fer
that contains 1% bovine serum albumin , 7% sodium dodecyl
sulphate , and 0.5 M sodium phosphate buffer; the wash
solut ion s also contain sodium dodec yl sulphate. The
auto radiography takes about two to three days with an
intensifying sc reen.
We need about 1000 times the sensitivity of the usual
Southern blot , since the single DNA restricti on fragment
that one normally visualizes wil l be broken up by the
sequencing reactions into some several hundred fragments. Becau se we gene rally cleave at les s than 1 hit / SOO
nucleotides , in such a way as to l eave lar ge amounts o f
the original material unr eacted, only a few tenths of a
percent of the ori ginal restriction fragment will be found
in each band. Thus we detect in eac h band about 2 to 4
f emtograms of DNA. The technique will display the
sequence extend i ng from the probe out some 300 or 400
bases , depending on exactly how the seque nci ng gel i s
run. Sin ce we can determine the sequence of single copy
genes i n mammalian DNA, of course we can detect sequence
from the genome of any lower orga nism. For more
compl icated genomes, a preliminary fractionation of the
DNA, by ru nni ng a one-dimensional gel on the r est rict ion
enzyme digest a nd isolating the s ize fracti on of intere s t,
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e nrich the DNA a further fraction of 10 will permit one
¥i sualize the DNA even from organisms o f great
=rx.;>l exity .

~

The ability to sequence genomic DNA directly has
uses in itself, although we need to have a cloned
:~ e n t or some knowled ge of the sequence near the region
_: :n terest. Genomic sequenc i ng can then be used to
~ : fy that a cl oned sequence does correspond to the
~ en ce in the genome of the organism , to detect
-ations withi n cell lines and t i ssues , and to detect
~JC o rphisms in a population , with ease if they are
-~o z yg ous, with some difficulty if they are hetero=ysous . The techniques of probe synthesis , DNA immo=~i z a tion , and the special washin g yield an extremely
sit ive Southern blotting method that requires ve r y
~ta in

::'::U e DNA .

Another application of this technique rests on the
t hat me t hylated cytosines in DNA do not react with
-~ chemical cl eavage reagents.
Thus in the C react i on
:~3 hyd r azine , if the C has been methylated , no
~I e sponding band will appear in the sequencing
~ ~~ e rn .
This enables us to study the state of
:E~ y lation of mammalia n DNA directly for any gene of
~ :e rest in any tissue of inter est .
We are no lo nger
-:stric t ed to just those methyl at i ons that can be
:Sual ized wi t h restriction enzymes .
=~ t

importantly , genomic sequencing gives us the
to visualize proteins that bind al ong the genome
~~
am mal ian cells . If we create the part i al digest not
_. s equencing chemistry but by usi ng some cl eavage agent
se effect on the DNA is modified by the presence of
t e ins bound to the DNA, we can determine the positions
-~ t ho se proteins.
Among such agents are di methyl
_ - pha t e , bleomycin, DNAse , and light , all of whose
~::ect s can , either immediately or finally , be interpreted
-- t e rms of a breakage pattern in DNA. The frequency of
~ se breakages at individual bases , and thus the
- =ens ity of the corresponding bands , can either be
~ pre ssed or enhanced by protein s bound to DNA .
For
-x-_pIe , dimethyl sulphate reacbs with the N7 positions of
~ guanines of DNA , in the major groove .
I n i n vitro
~;erim ents , the b i nding of proteins to DNA sequences can
=:=ck the attack of dimethyl sulphate on the N7 position ,
110~t

== ~ l ity
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presumably by s terie hindrance. One also observes an
increased rate of atta~, usually at the edge of the
protein binding site , which has been interpreted as a
hydrophobic pocket enhancing the reaction . Thus we can
"footprint" the presence of proteins on DNA in mammalian
nuclei and even in whole cells.

With Harry Nick, we used this technique with
bacterial cells to visualize a gene on the bacterial
chromosome, to examine the lac repressor sitting on the

lac operator. ,Ie treat the growing bacterial cells with
dimethyl sulphate and can see that the lac repressor in
vivo makes t he same contacts in DNA that wepe long ago
detected in vitro. We can also detect the contacts of the
CAP protein to DNA near the lac promoter, binding to the
DNA in vivo as it is activated with cyclic AMP. Such
experiments do not strain thi s method at all, but they
i llustrate that we can use any agent that penetrates cells
and, by doing the end-labeling restriction analysis after
the DNA has been modified, we can detect the placement of
protein within living cells.
With Anne Ephrus si and Susumu Tonegawa, we have been
studying the enhancer of the immunoglobulin genes . This
enhancer 1s a DNA sequence that' activates the immunoglobulin genes specifically in those cells in which the
immunoglobulin molecule is expressed. A characteristic
featur e of enhancers is that they activate neighboring
promoters , a few thousand base pairs either downstream or
ups tream from the position of the enhancer element, in a
tissue-specific manner. For the immunoglobulin genes , the
enhancer sequence lies within the l ong intron that
separates the assembled variable region from the constant
region. It has been characterized by transformation and
deletion mapping exper iments that l ocalize it to a few
hundred base pa ir s (Gillies et al. 1983; Banerji et al.
1983) . We hav e studied the enhanc er region from the mouse
immunoglobulin heavy chain by using d imethyl sulphate
either · on intact . nuclei' or on whole cells growing in
culture. In examining the guanines in the enhancer region
we can see that some are protected against the attack of
dimethyl sulphate, while at others the attack of dimethyl
sulphate is enhanced. These changes occur only in cells
that express immunoglobulins, while cells from other
tissues in which the gene is resting do not show these
changes. These changes characterize two regions of
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sequence in the enhancer; these regions are homol ogous and
r epresent an inverted sequence about 130 bp apart. Thus
we infer that we detect the binding of protein to these
regions in a tissue- specific manner and hypothesize that
this protein is in fact responsible for the increased
activity of the immunoglobul in promoter. He detect these
contacts in whole cells in vivo. In nuclei. these
contacts are visualized in l ow salt but weaken and
d isappear as the salt concentration goes up . Homologs of
these two sequences can be found in other immuno- globulin
g enes , for the the mouse kappa gene and t he human heavy
chain gene. He believe we have detected an important
b inding site of protein in the immun oglobul in enhancer.
These techniques will have a general use to study the
specific regulatory proteins invol ved in the control of
o ammal i an genes. By being able to detect tissue- s pecific
effects on DNA , and he nce the presence -o f tissue- specific
: actors , we can predict which regions of the DNA are
cr it ical for control. Furthermore, this same detection of
pro tein DNA contacts can be used in vitro to follow the
purification of gene- specific facto rs.
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