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An approach to DN A sequencing using chain-terminating inhibitors (Sanger el al.,
1977) combined with cloning of smali fragments of DNA in a single-stranded DNA
bacteriophage is described. Random fragments from restriction enzyme digestion of
the DNA are ingserted into the £eoRI site of the modified bacteriophage M13mp2
{Gronenborn & Messing, 1978} using a linker oligonucleotide, Individual recombin-
ant plagues are collected, 1-ml eultures grown, and the DNA isolated. A “flanking-
primer” from the vector is used to determine a nucicotide sequence in each inserted
DNA fragment by the chain-terminating method. This is a relatively rapid and
simple method of accumulating sequence data. The 2771 nucleotide sequence of the
largest Mbol restriction enzyme fragment from human mitochondrial DNA was
determined by this method. :

1. Introduction

We have described a rapid and simple method for determining nucleotide sequences
in DNA using DNA polymerase and specific chain-terminating inhibitors (Sanger ef
al., 1977). The method requires single—stra.nded DNA to act as template for the DNA
polymerase. It is therefore very suitable to use with DNAs, such as certain
bacteriophages, that occur naturally in the single-stranded form, or for double-
stranded DN As in which the strands can be separated. However, strand separation
is sometimes difficult and this limits the scope of the procedure. One method by
which this problem can be overcome has been described by Smith (1979). It involves
the treatment of linear DNA with a double strand-specific exonuclease, such as
exonuclease I11. The resultant product, which is derived from the different ends of
the two strands, is largely single-stranded DNA and can be used as a template for
the sequencing method.

An alternative way of preparing single-stranded templates is by cloning the DNA
as & recombinant in a single-stranded bacteriophage. A number of suitable vectors
have been described {Barnes, 1978,1979; Gronenborn & Messing, 1978; Herrmann ef
al., 1978; Ray & Kook, 1978; Boeke #f al., 197%) which are derived from the smali
single-stranded filamentous bacteriophages. The size of these bacteriophage DNAs
is not limited by their packaging so that fragments can be inserted and the virus is
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secreted by the host at high titres into the culture medium. which makes their
isolation relatively casy. This paper describes a general approach to DXNA

sequencing using one of these vectors in conjunction with the terminator sequencing
method. and its application to a fragment of human mtDNAT

2. Principle of the Method

The vector we used had been prepared by inserting a fragment of the lae operon
containing the B-galactosidase gene into a bacteriophage M13 (Messing e/ al., 1977}
and then introducing a single site for the restriction enzyme EcoR]! into this gene
{(Gronenborn & Messing, 1978). This recombinant (M13mp2), which grows normally
like M13, can be used as a vector to insert £roR1 fragments into the single Ecolkl
site. The M13mp2 containing the B-galactosidase gene forms blue plaques in the
presence Ufisopropyl-ﬁ—D-thiogalactopjn'anoside and 5-bromo-4-chloro-3-indolyl-5-
p-galactoside, but if DNA 1s inserted into the RI site f-galactosidase is no longer
made and thus recombinants can be recognised as “white” plaques. By inserting a
gecond EcoRI site in the vector, Heidecker et al. (1980) were able to preparea 96-long
DNA fragment that could be used as a flanking primer for sequencing into the end of
an inserted DNA. Schreier & Cortese (1979) have described a simple procedure for
isolating small amounts of the recombinant DNA and its use as a template for
sequencing.

Our general approach is to prepare various restriction enzyme digests of the DNA
to be sequenced and to insert the fragments into the M13mp2 vector using an RI
linker (G-G-A-A-T-T-C-C: Heyneker et al., 1976 Scheller ef al., 1977). White plaques
are then cotlected at random, grown in 1 mlof culture medium and the DNA isolated.
A sequence of about 200 nucleotides on each recombinant is then determined by the
dideoxy method using the above flanking primer, as described by Schreier & Cortese
(1979). Thus the same primer is used on different templates, whereas in the standard
dideoxy method different primers are used-on one template. Preliminary studies
with bacteriophage lambda DNA showed this to be a rapid methed of collecting
sequence data, especially at the early stages of an investigation where no sequences
are yet known.,

3. Materials and Methods

The DNA polymerase uscd throughout this work was DXA polymerase [, Klenow

subfragment, obtained cither from Boehringer Mannheim or as a gift from A. R. MacLeod.
This latter was prepared from a Apola tranaducing phage (Kelley et al., 1977) and contained
approximately 4 units/ml. Restriction enzyme FruuEID was a gift from M. Smith. Other
restriction enzymes were obtained from New England Biolabs.
. The dideoxynucleotide triphosphates were obtained from Collaborative Research. (a->*P)-
labelled deoxynucleotide triphosphates (spec. act. approx. 400 mCi/jpmol) were from the
Radiochemical Centre, Amersham. Phenol was redistilled, saturated with water and stored in
2 to 5 ml portions at —20°C until used. Small volumes below 1 ul were normally measured
using a washed 5 ul graduated Micropet.

Appropriate manipulations involving recombinant bacteriophages were carried out under
category 11 containment conditions as advised by the Genetic Manipulation Advisory Group.

+ Abbreviations used: méDNA. mitochondrial DNA: ddTTP, dideoxythymidine triphosphate.
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BAPID DNA SEQUEXNCING 163
(a) Preparation of the DN A

Mbol restriction enzyme fragments of human placental mtDNA were eloned in the BamHIT
site of pBR322 in x 1776 {Drouin. [980). The recombinaut plasmid (pmtl8) containing the
largest Mol fragment (ME) was transfected into Escherickin coli K12 strain Hb101 (Bover &
Roulland-Dussiox. 1969). 3 | of overnight culture were obtained from growth of a single
colony of £. colit HB101 earrying the pmt18 plasmid. From this 250 pg of pmt 18 were isolated
by the cleared lysate method (Katz ef of., 1973), followed by ethidium bromide/cacsium
chloride centrifugation (Radloff ef al., 1967).

The M1 fragment was cut out from the purified pmtl8 recombinant plasmid by treatment
with either FauaBEl or Seu3A. resolved by fractionation on RPCS at neutral pH (Eshaghpour
& Crothers, 1978) and analysed by electropharesis through a 19, {w/v¥) agarose horizontal
slab gel (Fig. 1). Fractions containing the M1 fragment were pooled, precipitated with ethanol
and a portion restricted with HpaIl. The digest was resolved on RPC-5 at neutral pH and
analysed by electrophoresis through a 29 agarose horizontal gel slab.
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Tiii. 1. Fractionation of an FuurEl digest of pmt18§ DN A by RPC-5 chromatography, The insert shows a
1%, agarose gel analysis of fractions across the gradient. Electrophoresis was from top to bottom. Lane T
is a total FruEl digest of pmt18. The slowest peak on the column and the slowest band on the gel
contained fragment M1, )
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An alternative method for preparing the fragment was by electrophoresis on a 1% low
melting agarose gel (Bethesda Research Laboratories). 10 pug of the digested plasmid DNA
was applied on a 2 em wide slot, the gel was stained with ethidium bromide (1 pg/ml) and the
band ¢orresponding to the insert visualised under ultraviolet light and excised from the gel.
The agarose was melted at 70°C, an equal volume of i ¢ mm-Tris-HCl{pH 7:6), -] mM-EDTA
added and the solution then extracted with the same volume of phenol. After brief
centrifugation, the aqueous layer was removed and the phenol extraction procedure repeated
a further 2 to 3 times. Finally the solution was extracted with ether and the DNA precipitated
overnight at —20°C by the addition of 1/10 vol. 3 m-sodium acetate (pH 5-5) and 2+5 vol. 959,
ethanol, followed by centrifugation at 45,000 revs/min for 1 h in a SW80 rotor. The
precipitate was washed with 959, ethanol and recentrifuged-at the same speed and for the
same time. The DNA precipitate was finally dried and redissolved in 10 ul water.

(b} Digestion and labelling of fragments
Digestion of the DNA was carried out with various restriction enzymes that recognise a
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sequence of 14 nucleotides. In these experiments the enzymes Alul (A), Hael 11 (Z), HinkL ()
and Hpall (Y) were used. {The letters in parentheses refer to the symbaol used as 2 prefix to
describe the clones devived from the respective digests.) Aful and HoeTTTcut the DX A to give
““fush ends’ that can be directly ligated to the inker. Hinfl and Hpall give staggered ends
which are filled in with DN A polymerase. The fragments were labetled with 3P to facilitate
purification on the Sepharose eolumu and for the acrylamide gel electrophoreses that were
used to test portions for ligation and EcoR ] digestion {see Fig. 2). In the case of the ffin Tand
Hpall digests this was done by including a 32p_Jabelled deoxynucleotide triphosphate in the
DNA polymerase reaction. With the other 2 digests the 3 termini were labelled by an
exchange reaction using DNA polymerase and. a labelled triphosphate. In this case the
labelling was less efficient. To illustrate the method, the digest with A/ul and labelling will be
deseribed.

1 ug DNA was treated with 1to 2 units AluTin 5 plof solution containing H buffer (6-6 mu-
Tris HC] (pH 7-4), 6:6 mm-MgCl,, 6:6 mu-dithiothreitol and 0-05 M-NaCl) for | hat 37°C. 2 ul
{2 pCi) [-32P)AGTP was dried down in a small siliconized test tube and then dissolved in the
above solution. 0+5 ul of & solution preparced from equal volumes of 10 my-dCTP, TTP and
AATP was added followed by 0-25 ]l DNA polymerase ((-25 unit}. Incubation was for 10 min
at room temperature. The reactions were terminated by the addition of 1 g1 0-2 M-EDTA (pH
7-4), 20 wl water and 20 pl phenol and vortexing. After standing to separate the layers, the
aqueous layer was sucked off using a drawn-out capillary tube and the phenol layer washed
with a further 10 ul water. These combined aguecus solutions were extracted twice with
about 1 ml ether, and the excess ether evaporated in a stream of air. The solution was
transferred to a small siliconized glass centrifuge tube (5 em x 0-6 em) and adjusted to 50 pl.
5 pl 3 M-sodium acetate and 125 ul ethanol were added. The solution was left at —20°C
overnight and the precipitated DNA collected in an Eppendorf centrifuge (10 min), washed
with 0'5 ml ethanol and dried in a stream of air.

The HaeITI digest was treated as described above. The ffinfl digest was labelled by adding
it to the dried down residue from 2 uCi [+-*2P1IdATP. [t was then incubated with 0-25 pl DNA
polymerase for 5 min. 0-5 gl of a mixture made from equal volumes of the 4 deoxynucleotide
triphosphates was added and the incubation continued for a further 20 min. The DNA was
then isolated as described above. The Hpall digest was treated as the Hinfl digest. except
that labelling was with [+-**P}dCTP.

(e} Ligation with linker -

The synthetic BeoR1 linker {(i-G-A-A-T-T-C-C; Collaborative Research) was not phos-
phorylated on the 5" end so was first treated with T, polynucleotide kinase (5 units/ul: P. L.
Biochemicals). 1 ug of the linker in 9 ul of a solution containing 0-05 y-Tris-HCI (pH 7-4),
0-01 m-MgCl,, 0-01 m-dithiothreitol and 05 ma-rATP was treated with 1 ul kinase and
incubated for 1 h at 37°C.

The dried ethanol precipitate of the digested and labelled DNA was dissolved in 2 wlof the
above phosphorylated linker solution using a drawn-out capillary tube. 0-5 wl of a selution
containing 2 mm-rATP, (-7 mM-spermidine and 01 unit of T, ligase (Miles) was added. The
mixture was incubated in the sealed capillary tube at 14°C overnight and the enzyme
inactivated by heating at 70°C for 10 min.

In order to test the efficiency of ligation, a sample (usually 0-1 vol., taken after dilution with
the EcoRI buffer (see below)) was subjected to electrophoresis on acrylamide gel (in the
absence of urea) in parallel with a sample of the unligated digest. If the ligation was
successful, the bands in the digest were replaced with much larger products, which were
usually unresolved (Fig. 2). Considerable differences were found with different preparations
of T, ligase. In our experience it was necessary to test several before a satisfactory one was
found. It appears that the presence of spermidine may be essential for blunt-end ligation (M.
Boguski & W. M. Barnes, personal communication).

{d) Digestion with EcoRI
15 gl of a solution containing 80 my-Tris - HCL (pH 7-5), 80 mm-Nall, 10 mum-MgCl, and
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1 mat-dithiothreitol was added to the above ligation reaction mixture, followed by 3 ul EcoR1
(HO00 units;inl: New England Biolabs). incubation was for 3 hat 37°C. 1 Wl EDTA (pH 7-4).
20 ulwater and 20 gl phenel were added. After equilibration, the agueous laver was removed
and the phenol laver washed with a further 10 plwater. The combined aqueous solutions were
thoen extracted with 1 ml ether to remove excess phenol and a small portion run on the
acrvlamide gel to test for complete R digestion (see Fig. 2).

The EecoR1 digest contained a high concentration of small fragments derived from the
linker. which were readily ligated into the vector giving white plaques. These fragments were
removed on a gel filtration column of Sepharose 4B, which also removed other small
fragments of Jess than about 100 nucleotides from the digest. Small fragments appear to be
incorporated into the vector maore readily than larger ones, and as they give less sequence
information it was an advantage to remove them.

A column of Sepharose 4B (Pharmacia) was prepared in a 1 ml disposable plastic pipette
and washed well with 2 mM-Tris- HClH{(pH 7+4), 0-1 mM-EDTA. The above FeoR1 digest was
applied to the column. which was monitored for radioactivity using a hand monitor, and
I-drop fractions were collected. There was usually a peak of radioactivity at the
“hreakthrough . followed by a long tail at a lower activity. 2 to 3 drops at the breakthrough
were collected, taken to dryness in a desiecator and dissolved in water (3 pl/drop).

(e} Incorporation into vector

The vector used was M13mp2 described by Gronenborn & Messing (1978). The replicative
forr was isolated and digested with EeoR1. 0-5 21 (2 ng) of the vector solution was mixed with
1-2 gl of a solution containing 01 m-Tris-HCI (pH 7-5), 20 mm-MgCl;, 10 mM-dithiothreitol
and 04 mu-rATP. 0:5 ul of the DNA fragment with linkers attached, prepared as described
above, was added. followed by 0-25 ul T, DNA ligase (25 units/ml). Tt was incubated at 15°C
for 2h and diluted with 20 ul 10 mm-Tris- HCl {(pH 7-4), 0-1 ma-EDTA. Competent eells were
prepared from . eoli strain JM101 (a fre” mutant, Messing, 1979). The above ligation
mixture was diluted into 20 1 10 mm-Tris-HCl {pH 7-6), 0-1 mM-EDTA and added to 0-2 ml
of competent cells, allowed to stand at 0°C for 40 min, heated at 45°C for 3 min and then
plated out on 2 plates. The transfection yielded about 100 to 150 plaques, 25 to 30%, of which
were white (i.e. recombinants).

{(f} Preparation of the cloned DN A

(-5 ml of a log culture of E. coli strain JM101 was added to 50 ml 2 x TY medium (1-69;
tryptone, 19 yeast extract, 0-5% NaCl). 1 ml partions were pipetted into sterile glass tubes
(10 em x 1-3 em) and the white plaques were transferred with tooth picks into the mediam. [t
was found convenient to work up about 36 plaques at a time. The tubes were shaken at 37°C
for 7 h and the solutions then transferred to capped Eppendorf tubes and eentrifuged for 10
tnin to pellet the bacteria. The supernatant containing the bacteriophage was transferred to
another centrifuge tube, but to avoid dislodging any of the precipitate no attempt was made
to transfer it completely. (-2 ml of a solution containing 2-3 m-NaCl and 209%, poly-
ethyleneglyeol (M. 6000) was added and mixed by inverting the tube, which was then
allowed to stand at room temperature for about 15 min and centrifuged for 10 min. The
supernatant was poured off, taking care to get rid of the last drop without disledging the
small precipitate, which could usually be seen in the tube. After draining the tube. the inside
of it was wiped with a Kleenex tissue and 0-1 ml 10 mm-Tris- HC] (pH 7-4), 0:1 mM-EDTA
and 50 ul phenol were added. After vortexing and centrifuging for | min, the aqueous solution
was sucked off using a drawn-out eapillary, care being taken not to include any of the phenol
laver. It was transferred to another centrifuge tube, 10 pl 3 M-sodium acetate and 0-2 ml eold
cthanol were added and the mixture was left at —20°C overnight. The precipitate was
eollected by centrifugation for 10 min and washed with 1 ml ethanol. The tubes were allowed
to drain and any residual ethanol blown off in a stream of compressed air. The DNA was
dissolved in 50 ul 10 ma-Tris-HCL (pH 7-4), 0-1 mM-EDTA. This solution was used for
sequencing with the flanking primer as deseribed below.
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Tsing the above method. the DN A in the | mlcultures frem 38 plagues can be worked upin
about 3 h. We have normally done this immediatelyv after growing the cultures. If necessary
the culture supernatant can be stored in the refrigerator alter pelleting the cells s however. in
this case it is advisable to centrifuge again before proceeding in case more celts have grown on
standing.

{g) Preparation of the 96 -nucleotide primer

The primer was generated by an EcoR1 digest of M13mp2962 (Heidecker et «f., 1980) and
separated by acrylamide gel electrophoresis or RPC-5 high pressure liquid chromatography.
For gel separation, 200 ug of KeoR1-digested DNA in a volume of 200 pl containing 10%
sucrose, 0-039, bromophenol blue and 10 mm-EDTA was loaded onto a9-em slot width of an
89, (w/v) polyacrylunide gel (3 mm x 20 emx 40 cm). Electrophoresis was carried out for 4 h
at. 300V in a continuous buffer system containing (08 a-Tris-borate (pH 83), 2:5 mu-
EDTA. The gel was stained with ethidium bromide (1 pg/ml} for 20 min, the DNA visualised
with ultraviolet light, and the gel band excised, the gel volume being kept to s minimum. The
DNA was eluted by the method of Maxam & Gilbert (1977), precipitated with ethanol as
described above, and transterred to a siliconised glass tube, dried and resuspended in 200 pl
water bhefore storage at —20°C.

Fractionation on RPC-5 was essentially as for plasmid fragments. The primer DNA eluted
{from the column at 0-6 ¥-NaCl.

(hy Preliminary screening with ddT reaction

1 ul of the DNA solution prepared as deseribed above was mixed with | pl of the “R1-R17
primer and sealed in a drawn-out capillary tube. It was heated in boiling water for 3 min to
denature the DNA and annealed at 67°C for about 20 rmin. To this was added 2 ul of a reaction
sohution prepared as follows: 10 ul [22PJdATD (10 pCi) was dried down in a small siliconised
test tube. The residue was dissolved in 40 ul of a solution containing H buffer, 0-1 mm-dGTP.
0-1 mM-dCTP, 5 pm-TTP and 025 mm-ddTTP. 2 pl DNA polymerase (2 units) was added
immediately before addition to the above anncaled primer-template solution,

[ncubation was carried out at raom temperature for 15 min. 1 gl 0-3 mM-dATE was added
and after a further 15 min the reaction was terminated either by freezing the solution or by the
addition of 5 ul deionised formamide containing 0-01 M-EDTA, 0-03%, xylene eyanol FF and
0-039%, bromophenol blue. This latter solution. was usually added just prior to running the
electrophoresis gels. Less satisfactory results were obtained if the reaction mixtures were

stored at — 20°C after adding the formamide solutions. After heating at 100°C' for 3 min,

Fia.2. Autoradiograph of a 4%, non-denaturing polyat: rylamidegel illustrating the preparation of Tagl
restriction fragments with EeoRT “sticky ends” for eloning into the EcoRl site of the M13mp2 vector.
The gel (40 em = 20 cm x 0-35 mm} was run in a continuous huffer of Tris-borate, EDTA at a constant
current of 20 mA until the bramophenal blue tracking dye had reached the bottom. The Taql digest was of
the mtDNA insert of the plasmid pmtl, which contains a 17 x 107 base BamI-EcoR1 fragment and the
1-1 % 10? base HeoRI-EcaRT fragment (which is also contained within the insert of pmtis). The Tagl
fragments were blunt-ended and labelled with 32P by extension of their 3’ ends with DNA polymerase and
[+-32PJACTP and dGTP. Track (a)isa partion of this reaction. Track (b) is the same **P-labelled digest
after blunt-end ligation with EcoR1 linker. "T'rack {¢) is the result of an almost complete EcoR1 digestion
of the produets of the linker ligation reaction. Bands 1 to in track (¢) are interpreted as follows: (1) Tagl
fragment onto which no BcoRT linkers have been ligated. (2) Tagl fragment with only # single linker at
one of its ends, which has been cleaved with BeoRT. (3) T'agl fragment with an EcoRI-cleaved linker al
each end, (This is the predominant produet from the reactions.) (4) Taql fragment ligated to 2 EcoR1
linkers only 1 of which is cleaved with EroR1 to give the EcoR1 sticky end. (3] A hand not present in the
original Taql digest which is probably the result of 2 of the original fragments of the digest blunt-cnd
ligating together directly or pig o linker(s} that has not been cleaved during the subsequent FeoRldigest.
This is supported by the presence in track (b) of a fragment of this size with linkers added.
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about half the solution was applied to an §9%, acrylamide gel for electrophoresis (Sanger &
Coulson, 1978). Usually the reaction was carried out with 18 samples at a time. which were
run together on a single gel.

(i) Sequencing of the DN A

The sequencing procedure was carried out essentially as described previously (Sangeretal.,
1977: Sanger & Coulson, 1978; Schreier & Cortese, 1979 using the 96-nucleotide R1-R1
primer. When this untreated fragment was used to prime, a strong artifact band was present
in all 4 channels on the gel at a position about 130 nueleotides from the 5" end of the primer.
and the sequence before this could not be read satisfactorily. This effect is believed to be due
to the 3' end of the strand of the primer, which has the same sequence as the template, looping
tack to base-pair intramolecularly at a position where it can then act as a primer for DNA
pelymerase to extend by a further 40 residues. This effeet could be avoided by initial
treatment of the primer with exonuclease ILI (Schreier & Cortese, 1879). The sequence of the
insert back to and including the EecoRl site of the linker could usually then be read
unambiguously.

In a normal sequencing experiment 5 pl of the DN A solution from the clone was mixed with
5 ul of the exonuclease-treated primer in H buffer, the mixture heated and annealed, and 2 gl
samples used in the 4 reaction mixtures with the appropriate dideoxynucleotide triphos-

phates, as described by Sanger ef al. {1977). With different preparations of the dideoxynu-

cleotide triphosphates we found some variation in the concentrations required to give
optimum results. The concentration was usually established empirically. Also the concen-
trations for the (i and C reactions had to be varied according to which strand of the mtDNA
was being sequenced, as they have a very asymmetric G:C ratio. Normally two 8%
acrylamide gel electrophoreses were run with each clone, half of the denatured reaction
mixture being applied to each gel. One gel was run at 25 mA for 3 hand the other for 6 h. From
the autoradiographs of these 2 gels a sequence of between 150 and 300 nucleotides could
usually be determined. -

4, Results
{(a) Preparation of the DN A

In this paper we described the application of this approach to the sequence of a
2771-nucleotide long fragment of human mtDNA. The DNA was prepared from a
¢lone made by Drouin (1980), who subjected human mtDNA to digestion with the
restriction enzyme Mbol and inserted the fragments into the BamHT site of the
plasmid pBR322. Figure 3 shows the Mbol map of human mtDNA, together with
some other features of the DNA that have been mapped. The fragment studied here
is the largest Mbol digestion product (fragment M1) and was isolated from clone
pmt18 (Drouin, 1980). A certain amount of sequence data was already available on
this fragment; in particular, A. J. H. Smith had determined the sequence of the
EcoRI fragment, which is completely contained within the Mbol fragment and had
been isolated from a different clone (pmtl). Other sequence data had also been
obtained, both on intact mtDNA and on pmtl8 using the exonuclease method
{Smith, 1979), but this is not described here.

The DNA of fragment M1 was isolated from the clone by fractionation on an
RPC-5 column (Fig. 1). An alternative technique, which has been used with other
DNAs, is to use electrophoresis on low melting agarose gels. The latter method is
particularly suitable for small amounts. Advantages of the RPC-5 chromatography
for the fractionation of DNA restriction enzyme digests are: (a) the fractionation
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Fii. 3. Restriction enzyme digestion map of human mtDXNA, Outer ring Mbol {Drouin, 1980); inner
ring Apall (Qjala & Attardi, 1977). The splitting sites for EcoRI, BemHI and HindlIL1, the position of the
ribosomal RNA genes (12 8 and 16 8) and of the origins of heavy strand (Oy) and light strand {3 ) DNA
replication are also shown. .

step is completed in less than one hour, {b) the desired fragments can be directly

_ precipitated with ethanol or dialysed and lyophilised, and (c) a single column can be

re-used several (at least 30) times without loss of resolution. However, the
resolution of RPC-5 is greatly reduced when separation of an EcoRI digest is
attempted: thus the fragments obtained by Eco K1 digestion of DN As that generate
oligomers similar in size to those shown in Figure 1 are not resolved. In other
experiments we observed that RPC-5 can successfully resoive fragments obtained
by restriction digestion with Hindll, HindlIlI, Hhial, Haell and Haelll. While
these experiments were in progress similar observations were reported by Patient et
al. (1979).

From the digest prepared with the four restriction enzymes. as deseribed in the
Materials and Methods section, we isolated 72 plaques. Cultures (1 ml) of each were
grown and the phage isolated from the culture fluid by precipitation with
polyethylene glycol, as described. An alternative method of isolation, which gave
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equally suitable DNA. was by pelleting the phage in the ultracentrifuge for six hours
at 430,000 g (Schreier & Cortese. 1979). In gencral 1 ml cultures gave enough DNA
for ten sequencing experiments.

(D) Preliminary screening of clones

in order to decide which clones to study, a preliminary screening was carried out
by doing the normal sequencing reaction with only one dideoxvnueleotide, in this
case ddTTP. These ddTTP reaction mixtures were run in parallel on an acrylamide
gel. An example of such a gel is shown in Figure 4. A few clones gave no pattern of
bands, or were very weak, indicating that there was insufficient DNA present ; these
were not investigated further. Some others gave an identical pattern of bands,
indicating that they contained the same fragment of DNA (e.g. samples Y6 and Y10.
Fig. 4). Clones containing small inserts could also be detected by the presence of a
hand pattern representing the nucleotide sequence in the veetor on the 3 side of the
insert. This common pattern can be seen in clones A2, F5 and Y10 (Fig. 4) and the
arrows show where the insert is ligated to the vector. From the position of this
pattern the size of the insert can be estimated. It was also possible to identify clones
that were from a part of the DNA that had already been sequenced. From the
pattern of bands it was possible to write the scquences in the forms of Ts and Xs, X
representing A, G or C. Thus clone F3 could be written T-T-X-T-X-X-X-X-X-X-T-
X-X-X-T-1T-X-X-X-T-T-X-T-X-X-T-X-X-T-X-X-T, ete. Usually if the auto-
radiograph film was over-exposed a background “ladder” would show up on which
the strong T bands were superimposed. In this way it was much easier to estimate
the number of nucleotides between the T residues, and in the analysis it is in fact
more important to know the number of nucleotides than the actual position of all the
Ts. The sequence was then checked against the known sequences previously stored
in the computer, using the program SEQFIT (Staden, 1977), and it could be deciderl
which clones should bhe sequenced.

(¢} Sequence of fragment M1

Figure 5 shows the location of the different cloned fragments on the physical map
of the L-strand of fragment M1. This also shows which were subjected to the full
sequencing procedure and which were only positioned using the ddT screening. For
instance, most of the fragments identified as being present between the two KeoR1
sites (positions 430, 1582) were not studied as this sequence was already known.
The fragments from M1 cover the whole of the DNA except for a gap in the region
between nucleotides 1582 and 1686, which contains one of the EeoR 1 sites. This site
presents a particular problem since it is always digested by the EcoR 1 nsed in the
above procedure and is never found intact in a clone. In order to obtain a clone
covering this region, fragment M1 was digested with restriction endonuclease Hpall
and the digest fractionated by RPC-5 chromatography. A fraction containing Hpell
fragments 9 and 11 (Fig. 5, positions 1154 to 2050 and 2074 to 2570) was then
subjected to the random M13mp2 cloning procedure. In order to obtain a sequence
spanning the EcoR1I site, the DNA was methylated with BeoR 1 methylase (Maniatis
et al., 1978) which renders it resistant to the restriction enzyme. Recombinants were
prepared from the Hpall fragments 9 and 11 without further digestion, and from
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Fic. 4. Preliminary sereening of same of the clones nsing the dd'1T'P reaction. {For details see tex1.) The
origing of the gels are 3 to 10 em off the top of the Figure. L marks the end of the 96-long R1-R1 primer.
The arrows indicate the beginning of the vector sequence on the 3 side of the insert.
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Fii. 5. Map of fragment, M1 showing the location of the cloned DNA fragmenta. (a) Nueleotide number;
{b) position of tRNA genes and origin of L-strand replication (0 ): {¢) restriction enzyme sites, A= AluT,
F=Hinfl, M= Mbol, ¥ = Hpall, Z= HaeIIT; {d) location of inserts in clones that were not sequenced.
(Their position was determined from the preliminary screening with ddT.) The arrows indicate the
position of the 5 end of the insert and direction of reading in the insert. In the case of the smaller clones
the length of the arrow represents the length of the insert, but for the larger ones the length of the insert
was not known. The fragments with prefix B were from a mixture of varigus restriction enzyme digests.
(¢} Location of inserts in clones that were sequenced. The length of the arrows shows the length of the
sequence that was determined, Clone B22 contained 3 separate Al fragments ({a). (b), (¢}) that had
presumably been ligated together during the eloning proeedure. (f) Clones derived from digests of Hpall
fragments 9 and 11 (see text). (g} Position of sequence previously determined by priming with fragment

FZ4 on exonuclease [TT-treated pmt18 {Smith, 1978).

digests of them with restriction endonucleases Alul and Hindll. Two clones (4 and
12) covered the desired sequence and the EcoRI site. None of the clones from the
whole M1 digests covered the other EcoR| site at position 430; however, this region
had already been spanned in previous work by priming on the exonuclease-digested
pmt18 with restriction enzyme fragment F74 (see Fig. 5(g)).

5. Discussion

Although extensive sequences have been determined with the methods using
controlled synthesis with DNA polymerase (Sanger & Coulson, 1975; Sanger et al.,
1977), it has sometimes been found difficult to obtain satisfactory results with
sertain DNA preparations. Probably this is usually due to the presence of
impurities. Small amounts of contaminating DNA can make the reading of the
sequence ambiguous and the activity of DNA polymerase can be adversely affected
by other contaminants, both in the template and the primers, so that some care
must be taken in their preparation. In the method described here the same primer is
used for each clone so that it can be prepared on a relatively large scale in a pure
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form. and the use of an RPC-5 column for this avoids the necessity for using
gel electrophoresis, which can sometimes introduce inhibiting impurities.
Furthermore. the templates prepared from the cloned DNA isolated as described
above are usually sufficiently pure to give satisfactory results by the dideoxy
method.

Another important advantage of the method is that it does not involve any
physical fractionation of restriction enzyme fragments. In all other rapid DNA
sequencing methods this is an essential step that can be quite laborious. In the
present method the fractionation is replaced by a cloning procedure which
necessarily vields pure DNA, and it can in theory be applied to DNA of any size.
With the normal strategies the size of DNA that can be studied is limited by the
resolving power of methods for fractionating restriction enzyme fragments. In the
present methad the only fractionation is by spreading the clones on a plate and the
purity of the products is therefore independent of the complexity of the DNA digest.
We have recently started to apply the method to bacteriophage A DNA {approx.
49,000 nuecleotides) and have rapidly accumulated data covering about 40,000
nucleotides. In comparison the isolation of pure restriction enzyme fragments from
a DNA of this size is a formidable problem involving at least two successive
digestion and fractionation steps.

Normal procedures for sequencing are usually preceded by the preparation of a
restriction enzyme fragment map as a basis to a systematic approach. In the
random methad described here this is unnecessary since it aims to determine the
whole sequence by overlapping. Because of this, however, it does depend more
heavily on the use of computer analysis to interpret and store the data.

Using the random approach of eollecting clones, sequence data can be obtained
relatively rapidly, but towards the end of an investigation new data will accumulate
more slowly along with increasing amounts of redundant data. We have found that
much of this redundant data is usefui for confirmation and completion of the
sequence, but it may be preferable to use a more systematic approach to complete a
sequence. In this investigation we have used the digest from a smaller restriction
enzyme fragment to complete the sequence. Alternatively one could use hybridiz-
ation probing to isclate selected clones, or prime with internal primers on the larger
templates.

Ideally this method requires a completely random collection of clonesg in which the
different regions of the DN A are equally represented. From Figure 5 it would appear
that this is not entirely the cage: many clones were found that covered the regions |
to 1580 and 2070 to 2770 and only a few for region 1580 to 2070. Similarly, Drouin
{1980) found that some of the Mbol fragments of human mtDNA were particularly
difficult to clone in the plasmid pBR322. How general this phenomenon is, and
whether it will constitute a sericus drawback to the method, can only be found out
by further experience.

The method as described here requires digestion of the linkers with ZcoRl
endonurlease so that any EcoRI sites in the DNA are also split and no clones are
obtained which eontain them intact. This problem can be avoided by preliminary
treatment of the DNA with EcoRI methylase (Maniatis et al., 1979) which protects
the sites from digestion by the endonuclease. This technigue was used to obtain a
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sequence spanning the site at position 1582, but it was not used for the other site
(position 430} as its sequence was already known.

During the ligation reaction with the linker oligonucleotide restriction enzyme
fragments present may be ligated together, leading to the formation of a new hond
that was not present in the original DNA being studied. This possibility must be
taken into aceount when interpreting the results. Because of the high concentration
of linker it does not occur frequently, the only example in the present work being
clone B22 (see Fig. 5), in which three Alu fragments were ligated together. (See also
Figure 2.) In the case of restriction enzymes that give “flush ends”, ligation leads to
reformation of the restriction site, which can be recognised. For enzymes giving
extended 5" ends, which are filled in with DN A polymerase, the siteis not necessarily
restored but a predicted sequence is obtained which can be searched for. For
example, fint (cutting site G-A-N-T-C) will ligate to give G-A-N-T-A-N-T-C. In the
ease of enzymes giving an extended 3" end (e .g. Hhal or Hphl), the problem appears
to be more serious. In fact in a single experiment in which these enzymes were used
with lambda DNA almost all the clones contained more than one inserted fragment
ligated together. The exact explanation of this is not clear but it was probably at’
least partly due to the difficulty of converting them to flush ends.

It has been observed that small fragments are more readily inserted into the
vector M13mp?2 than large fragments and that inserted large fragments {over about
2000 nucleotides} are frequently lost from the clones (see, for example, Cordell et al.,
1979). Most of the clones used in this method are for small fragments, but it does
suggest the possibility that a section of an insert might be deleted and this would
lead to a false result. We have not detected this effect, but as the method depends on
overlapping sequences and generating a large amount of redundant data this effect
would be gseen if it occurred. ,

Figure 6 shows the complete sequence of the DNA fragment. According to the
mapping experiments of Angerer ef al. (1976), the region codes for a number of
transfer RNAs. We have therefore looked for tRNA genes, using the program
TRNA of Staden (1980) which identified sequences that can be folded in the
cloverleaf structure. Eight such structures, arranged in two groups, have been
found and identified by the sequence in the anticodon position. As with other human
mt-tRNAs (Barrell et al., 1979; Eperon ef al., 1980), they are all somewhat
anomalous when compared with conventional tRNAs in that some of the so-called
“invariable” features are missing. These tR N As will be discussed in more detail in a
later paper in connection with other tRNA structures from human mitochondria. Of
particular interest is the sequence identified as tR NAT™._ It has the anticodon TCA,
which corresponds to the codons UGG and UGA, whereas other tRNA™s that have
been identified have the anticodon CCA, corresponding to UGG only. This is
consistent with the identification of 'GA as a codon for tryptophan in mitochondria
(Barrell et al., 1979; Macino et ol., 1979; Fox, 1979) rather than as a termination
codon. '

Martens & Clayton (1979) have identified the origin of L-strand replication (0) of
mouse DN A and have determined a sequence of 318 nucleotides containing it. Their
sequence is homologous to positions 1849 to 2167 of Figure 6. The human sequence
also contains a strongly base-paired loop (positions 2038 to 2071) in the region
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corresponding to the loop where the origin is loeated in the mouse mtDNA. Thus we
conclude that this is the origin in the human mtDNA, Either side of this loop we
haveidentified tRN A genes (Fig. 6). Homologous structures can also be noted in the
sequence from the mouse DNA. Indeed all five tRNA genes that we find in this
region of human mtDNA scem to be present in the mouse and to have the same
anticodons. As judged by the distribution of the termination codons TAG and TAA.
the sequence on either side of and between the two tRNA clusters contains open
“reading frames’’ which probably code for proteins. These also will be discussed in
detail in a later paper. J. E. Walker (personal communication) has identified the
reading frame starting at position 2212 as the gene for eytochrome oxidase subunit [
by comparison of the DNA sequence with the amino acid sequence at the N-
terminus of the bovine protein.
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