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Preface

THERE are now a number of molecular biology manuals on the market and the
editor of an entirely new one has a duty to explain why his contribution
should be needed. My answer is that although there are some excellent
handbooks for rescarchers who already know the basic principles of gene
cloning there are very few that cater for the absolute beginner. Unfortunately,
everyone is 4 beginner at some stage in their carcers and even in an
established molecular biology lab the new research student can spend &
substantial amount of time not really understanding what is going on. For the
expenienced biologist expert in a discipline other than molecular biology, and
perhaps without direct access to a tame gene cloner, guidance on how to
introduce recombinant DNA techniques into his or her own research
programme can be very difficult to obtain. For several years [ have run a basic
gene cloning course at UMIST and I have continually been impressed by the
number of biochemists, botanists, gencticists, cell biologists, medics, and
others who want (o learn how to clone and study genes.

The contributors to Essential Molecular Biology: A Practical Approach
were asked to write accounts that combine solid practical information with
sufficient background material to ensure that the novice can understand how
a technique works, what it achieves, and how to make modifications to suit
personal requirements. Where appropriate the reader is also given advice on
more advanced or specialized techniques. In all cases the authors have
responded to the challenge and produced chapters that make concessions to
the beginner without jeopardizing scientific content or practical value. [ hope
that the result is a handbook that will guide newcomers into molecular
biology research.

The book is split into two parts. Volume 1 deals with the fundamental
technigques needed to carry out DNA cloning experiments. The emphasis is
on coming to grips with the necessary practical skills and understanding the
background in sufficient detail to be able to adjust to circumstances as the
project progresses. In Yolume [1 procedures for preparing gene libraries and
identifying genes are described, together with methods for studying the
structure of a cloned gene and the way it is expressed in the cell. It s assumed
that the basics from Volume 1 are now in place, but the procedures are still
described in the same down to earth fashion with protocols complemented by
background information and troubleshooting hints.

I must thank a number of people for their help with this book. First, [ am
grateful to the authors who provided the manuseripts more or less on time
and were prepared in many cases to make revisions acconding to my requests.
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DNA sequencing

CHRISTOPHER ). HOWE and E. SALLY WARD

1. Introduction

1.1 General principles

The ‘Sanger’, ‘dideoxy’, or *chain-termination’ method of DNA sequencing
relies on the synthesis of DNA in virro in the presence of chain-terminating
inhibitors. Usually the template strand is provided in the form of a single-
stranded molecule produced by cloning a suitable piece of DNA into the
multiple cloning site of an M13 derivative, and the synthesis is primed by a
short ‘universal primer’ oligonucleotide, complementary 10 & region just
outside the multiple cloning site. The primer can therefore be used regardless
of what has been cloned. Sequencing of double-stranded DNA (as plasmid
DNA, for example, or PCR-amplified DNA) is also possible with minor
modifications, but is not covered in detail here. Instead the reader is referred
to more specialized manuals and papers (1, 2, 3), Usually four DNA synthesis
reactions are carried out, with a different chain-terminating inhibitor added
to ecach. The inhibitors are most commonly the 2'.3'-dideoxynucleoside
triphosphates of adenine, cytosine, guanine, and thymine (ddA, ddC, ete.); it
is the lack of a 3'"-hydroxyl group on the deoxyribose moiety that renders
further elongation impossible. Under certain circumstances (for example, the
formation of secondary structure by inverted repeated sequences), it may be
useful to use derivatives of other bases. The synthesis is carried out in the
presence of a radioactively-labelled deoxynucleoside triphosphate {usually
[**S]AATP) and therefore generates, for each reaction, a radioactively-
labelled, nested set of oligonucleotides with identical 5'-ends (the primer) and
3-ends all at ddA, ddG, ddC, or ddT, depending on which inhibitor was
used. The products are then separated electrophoretically, on high-resolution
polyacrylamide gels (which can resolve molecules differing in length by one
nucleotide) and visualized by autoradiography. Sets of four gel lanes {each
corresponding to one of A, G, C, or T) will thus contain a series of bands,
ideally with only one at each level, and reading upwards from the bottom of
the gel will give the sequence of the synthesized strand (and hence also the
complementary, template strand). This information is usually fed directly into
a computer, by means of a *sonic digitizer'.
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DNA sequencing

Rarely is the molecule 10 be sequenced short enough to be determined in a
single set of reactions. Usually one of four approaches is taken. One is 10
clone the molecule in its entirety into M13, and use internal primers for
individual sequencing reactions. This has the disadvantages that large inserts
are often unstable in MI3, and time and money must be invesied in
generating suitable primers. The second approach is to clone the entire
molecule initially, and then construct a nested series of deletions. bringing
successive regions close enough to the primer annealing site to be accessible
for sequencing. This again may suffer from instability of the insert, and
optimization of the deletion reactions may be time-consuming. The third
approach is to cut the insert into smaller, defined pieces with suitable
restriction enzymes and clone those pieces. This approach may be slow if the
disposition of restriction sites is not convenient. The fourth approach is to
fragment the DNA at random into smaller pieces (usually by sonication or
DNase digestion) which ‘can then be cloned and sequenced. This approach
may also require considerable calibration at first, but can then be quite rapid.
For all these strategics, computer analysis can then be used to build the total
sequence from the pieces. The detailed requirements of the cloning strategies
are covered elsewhere in other volumes (4). This chapter will outline the
stages involved after generating M13 recombinants. Recommended suppliers
of reagents and equipment are as follows:

® [a-"S]dATP (400 Ci mmol™): Amersham, Cat. no. SJ 264.

e Universal sequencing primer: New England Biolabs, Cat. no. 1211 or
1212

e Phenol (chromatographic grade), acrylamide (Electran), bisacrylamide
(Electran), bromophenol blue, xylene cyanol, silanizing solution (di-
methyldichlorosilane): BDH,

® dNTPs and ddNTPs: Pharmacia or Boehringer-Mannheim.,

e 2'-deoxy-7-deazaguanosine 5'-triphosphate (de7GTP or 7-deaza dGTP):
Bochringer-Mannheim.

® Klenow polymerase: Boehringer-Mannheim (5 units ul ™),

® Sequenase: United States Biochemical Corporation, Version 2.0 (12
units pl™'),

e T7 DNA Polymerase: Pharmacia.

e Urea: Ultrapure, Gibeo-BRL.

e Hamilton PB600-1 repetitive dispenser, fitted with 1710LT 100 ul gas-tight
syringe with Luer tip and adaptor, Cat. no. 31330,

® Microtitre plates: Becton-Dickinson-Falcon flexible assay plates, no.
3911, round bottomed %6-well plates and lids.

Damon TEC Centra 4X benchtop centrifuge, fitted with microtest plate
head.

Christopher |. Howe and E. Sally Ward

e Gel running apparatus: Model EV200 (20 x 20 em). EVA00 (20 % 4() cm)
or EV500 (20 X 50 cm), Cambridge Electrophoresis Company.

o Plastikard 0.35 mm X 44 em X 66 cm, Slaters (Plastikard) Lid.
o Gel mould sealing tape: Neil Turner Ltd, Cat. no. 49LY

o X-ray film: Kodak XAR or Fuji RX.

o GrafBar: PMS (Instruments) Ltd.

1.2 Automation

DNA sequencing is a highly repetitive process, and automation is clearly
desirable. The sequencing reactions themselves and the subsequent electro-
phoresis and data handling are the areas that have received most attention,
The Biomek 1000 Automated Laboratory Waorkstation produced by Beckman
can be used for the former, allowing multiple and repeated pipettings to be
carried out (5). A number of companies offer equipment for the latter. In
general these devices substitute a fluorescent label for the radioactive one.
This can be attached cither to the primer or to the nucleotides that are
mvolved in the reaction (6). The reaction products are electrophoresed on a
polyacrylamide gel, past a suitably-placed detector. Use of a different label
for cach reaction allows all four sets of reaction products to be electrophoresed
in a single lane, which helps to reduce some of the problems caused by
abnormalities in gel running. The sequence information can then be fed
directly into a computer. The biggest attraction of this approach is that the
need for autoradiography is removed—the sequence can be read while the gel
is running. Such devices are a1 present rather expensive, though, and the
beginner 15 probably best advised to avoid automation, at least at firsi.

2. Template generation
2.1 Preparation of single-stranded DNA

The great advantage of using M13 as a cloning vector for sequencing is that
particles containing single-stranded DNA are released from infected cells
without lysis (see Volume 1, Chapter 9). The supernatant from an infected
culture should therefore contain large amounts of packaged M13 DNA, with
little: contamination from host nucleic acids. The phage particles are then
precipitated, and the DNA extracted. The quality of subsequent sequence
generation depends critically on the quality of the DNA preparation, and this
is frequently the area where the beginner finds most difficulty (although ttitcn
‘practice’ is all that is needed). The most commonly-used technique is to
infect and grow bacterial cultures in glass tubes (Protocol 1), although
techniques have also been developed for growing material in microtitre plates
(Protocol 2). If it is necessary to produce more DNA for a paniru_lar
construct, then a pl or so of a standard single-stranded DNA preparation
should be more than enough in a standard transfection experiment (see
Vaolume 1, Chapter 8).

159



DNA sequencing

Protocol 1. Preparation of single-stranded DNA

L e

10.

1.

12.

13.

14.

Inoculate about 20 ml of DYT medium (Appendix 2) with a colony of
host bacteria (e.g. E. coli TG1; Appendix ). Stand overnight at 37°C.
Make a 100-fold dilution into DY, and put 1.5 ml aliquots into sterile
tubes (e.g. 10 ml) with loose metal caps.

- Transfer a single plaque into each tube, with a toothpick or pasteur

pipette,

+ Shake the tubes at 300 r.p.m. for 5 to 7 h. Good aeration is necessary,
. Transfer to Sarstedi tubes, and centrifuge for 5 min at maximum speed.
- Decant supernatants into fresh tubes, taking great care not to dislodge

any of the bacterial pellet, It is better to take less supernatant than to
risk contamination. At this stage the supernatants may be stored for a
day or so at 4°C. If this is done, it is advisable to add 5 ul of chloroform
to each to prevent bacterial growth, and to centrifuge again before
proceeding with step 7.

- Add 200 pl of 20% (wiv) PEG 6000, 2.5 M NaCl, mix well and stand at

room temp. for at least 30 min,

Centrifuge at maximum speed for at least 5 min. This should produce a
pinhead-sized phage pellet,

. Remove the supernatant. This can be done by pouring, turning the

tubes upside down to drain, and then wiping the inside carefully with
absorbent tissue. Alternatively, it can be done with a fine-tipped pipette
connected 1o a water pump, followed by a second centrifugation to bring
remaining liquid 1o the bottom of the tube for removal.

Resuspend the pellet in 100 wl TE pH 8.0 (Appendix 2) and add 100 ul
buffer-saturated phenol. Vortex for 15 sec, and leave to stand at room
temp. for at least 5 min.

Vortex again, and centrifuge at maximum speed for at least 5 min. This
should give a sharp interface. Transfer the (upper) aqueous phase to a

fresh tube, add 10 pl of 3 M sodium acetate pH 5.5 and 0.25 ml chilled
ethanal,

Leave at —=20°C overnight or at —80°C for at least 30 min to precipitate
the DNA,

Collect by centrifugation at maximum speed for at least 10 min,
decanting, washing with 1 ml chilled ethanol, decanting, and drying
under vacuum.

Dissolve in 30 pl TE pH 8.0 (20 pl if Sequenase is to be used). Store at
=20°C, and avoid repeated freeze—thawing.
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Protocol 2. Preparation of template DNA in microtitre trays

1. Place 200 pl of a culture (ODyy, = 0.2) of host cells into each well,

2. Toothpick plaques into wells. Grow with rapid shaking (300 r.p.m.) at
37°C for 4-5 h,

3. Spin the microtitre tray in a plate centrifuge for 3 min al maximum
speed.

4. Transfer 150 pl of each supernatant to a new plate using a multi-pipette.

5. Add 50 ul 20% (wiv) PEG 6000, 2.5 M NaCl, Leave at room temp. for
1) min (minimum) with shaking,

6. Spin in a plate centrifuge for 10 min at maximum speed.

7. Remove the supernatant with a multi-pipette,

8. Resuspend in 75 pl TE pH 8.0 (Appendix 2), add an equal volume of
buffer-equilibrated phenol and shake for 10 min.

9. Spin in the plate centrifuge for 10 min at maximum speed, and remove
the phenol laver.

10. Add 5 pl 3 M sodium acetate pH 5.5, 130 pl ethanol 1o precipitate the
DNA and continue as Protocol [, sieps 12-14.

The following points are particularly important when preparing single-
stranded DNA:

(a) MI13 plaques on a plate should ideally be used for producing template
DNA as soon as possible after transfection, preferably within 24 h,
otherwise deletion of all or part of the inserts may occur. Storage of
plates at 4°C is recommended.

{(b) The host strain (Appendix 1) should be kept on a proline selection plate
(vee Appendix 2), otherwise loss of the F' plasmid from some cells may
occur, and phage vield will be reduced.

(c) Growth conditions should be adhered to closely. Temperature control is
important for good phage yields. Growing the cultures for too long may
produce DNA of poor quality (degraded or contaminated because of host
cell lysis).

(d) Careful removal of polyethylene glycol (PEG) and especially phenol is
important, although the susceptibility of the reactions to PEG appears to
vary with the particular polymerase preparation used. It should not,
however, be necessary to include ether or chloroform purification steps.

2.2 Analysis of DNA preparations

It is often useful to have a rough estimate of the insert sizes of M13 DNA
preparations, especially if the cloning strategy is to produce a set of nested
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deletions. A procedure for this is given in Protocol 3 (4). It may also be usefyl
to know the orientation of inserts. This can be done by hybnidization 1o
single-stranded DNA with an insert of known orientation {(4), which then
alters the mobility of both molecules in an agarose gel. This is described in
Protocol 4. Analysis of inserts is also possible using PCR (7).

Protocol 3. Size analysis of M13 DNA preparations

1. Take 20 pl of supernatant after removal of bacteria (from Protocol I,
step 6, or Protocol 2, step 4).

2. Add 1 pul 2% (w/v) SDS and 3 ul of a standard 10 x agarose gel loading
buffer (Volume 1, Chapter 5).

3. Run in a standard agarose gel (se¢ Volume 1. Chapter 5), with suitable
known phage DNA as marker(s), and view with UV transillumination
after staining with ethidium bromide.

Protocol 4. Determining insert orientation in M13 template DNA

1. Add 20 ul of supernatant 1o 20 ul of supernatant from a preparation of
phage with an insert of known orientation.

2. Add 1 wl 2% (wiv) SDS and 4 il of 20 % §8C (3 M NaCl, 0.3 M trisodium
citrate, pH 7.0). Add a small volume of light mineral oil (which floats on
the surface) to prevent evaporation, and incubate at 65°C for 1 h. Also
use two preparations whose DNA is known to be complementary as
controls.

3. Remove the aqueous (lower) phase, and electrophorese in an agarose gel,
with individual DNAs as markers. Visualize with ethidium bromide and
UV transillumination. Note that the hybridization is unlikely 1o go to
completion, so complementarity between the inserts is indicated by the
presence of three bands (one from each of the separate DNAs, and one
from hybridized molecules),

2.3 Other sources of template

To sequence double-stranded plasmids, the DNA is first denatured hy

treatment with alkali or boiling, and then annealed 1o the primer (1). Several

methods have also been described to generate single-stranded DNA template

by PCR (1, 2). Briefly, these are (see also Chapter 7):

(a) Use of unequal molar amounts of the two PCR primers (o generate an
excess of one of the strands,

(b) Incorporation of biotin into one PCR primer, allowing removal of one
strand by passing through a streptavidin-agarose affinity column.
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(¢) Useof a PCR primer with a phage promoter at the 5'-end. This promoter
15 then used to direct the synthesis of RNA, which is then sequenced using
TEVETSE transcriplase.

3. Sequencing reactions

3.1 Sequencing reactions with Klenow polymerase

The sequencing reactions can be carried out in capless 1.5-ml Sarstedt tubes
or more conveniently in 96-well microtitre plates. Use of the latter facilitates
the sequencing of large numbers of templates, as reactions for up to 24
different templates can be carried out using a single plate. Sequencing
reagents are dispensed in 2 pl aliquots onto the sides of the wells, using a
Hamilton repetitive dispenser, and mixed by brief centrifugation in a bench-
top centrifuge fitted with a microtitre tray head. An Eppendorf 5413
centrifuge, which has a horizontal rotor, is recommended for reactions
carried out in Sarstedt tubes. The reactions described in this chapter use
[S]AATP, as this is safer, has a longer half-life, and, hﬂcnus:: of its lower
energy of emission, causes less radiolysis of the DNA than [PPJdATP and
allows for higher resolution in the autoradiograph. It is important o use
Klenow polymerase of high quality; we find Boehringer-Mannheim
‘sequencing grade’ satisfactory. The sequencing reactions are described in
Protocol 5. The universal sequencing primer is used in these reactions,
although any other suitable primer could of course be substituted.

Protocol 5. Sequencing reactions using Klenow polymerase

You should prepare the following buffers and nucleotide mixes before you

start the experiment;

e T™ buffer: 100 mM Tris-HCI pH 7.5, 50 mM MgCl,.

e Nucleotide mixes: dissolve dNTPs and ddNTPs as individual stock
solutions at 50 mM and 10 mM respectively in TE buffer pH 8.0 (Appendix
2). Store at —2PC.

e T, C, G, and A mixes (volumes in microlitres: store at —20°C in aliquots):

j C G A

0.5 mM dTTP 25 S0 500 SO0
0.5 mM dCTP S00) 25 500 500
0.5 mM dGTP 5001 S0 25 5001
10 mM ddTTP 50 0 0 i}
10 mM ddCTP 0 8 f) i
10 mM ddGTP ] i} 16 i)
10 mM ddATP ] 0 f

TE pH 8.0 1000 1000 1000 500
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Protocol 5. Continued

o Chase solution: mix and dilute dNTP stocks to give 0.5 mM dTTP, (.5 mM
dCTP, 0.5 mM dGTP, 0.5 mM dATP. Store at —20°C in aliguots.

e Formamide dye mix: 100 ml deionized formamide, 0.1% (wiv) xylene
cyanol, 0.1% (w/v) bromophenol blue, 10 mM EDTA pH 8.0. Store at
room temp. or 4°C,

1. Annealing of template and primer. For each template, mix the

following:

® TM buffer 1l
e universal sequencing primer (0.2 pmol ul™') 1l
e sterile water 6 pul

2. Add 2l of primer mix to each of four microtitre wells (use round-
bottomed wells), using a Hamilton repetitive dispenser.

3. Add 2 wl of template DNA (at about 100 ng ™) to each well and label
the wells T, C, G, and A,

4. Cover the microtitre plate with cither an adhesive plate sealer or Saran
wrap, ensuring that no vapour can escape; this would cause the samples
to dry out.

5. Centrifuge the plate briefly to mix the primer and template.

6. Incubate the plate at 55°C for 20-30 min. Note that annealing can be
carried out by adding primer mix (8 wl) to each template (8 pl) in a
1.5 ml Sarstedt tube, placing the tubes in a glass dish containing water
(depth of 2 cm) which has been heated to 80°C, and allowing to cool to
40°C at room temp. This usually takes about 30 min, and may be more
suitable for primers which form secondary structure because of inverted
repeat sequences. The anncaled template/primer mix can then, after brief
centrifugation, be pipetted in 4 pl aliquots into microtitre plates. Anneal-
ed template/primer mix can be stored at —20°C for several months.

7. Centrifuge the microtitire plate briefly, to bring condensation to the
bottom of the well, and remove the plate sealer or Saran WIHp,

8. Dispense 2 ul of the appropriate dNTP/AANTP mix on to the edge of the
wells (e.g. 2 ul of T mix to each T well), using the repetitive dispenser.

9. Make up sufficient enzyme mix for the number of templates 1o be
sequenced as follows (numbers correspond to volumes in microlitres), It
15 advisable 1o make slightly more enzyme mix than is required.

Number of templates 4 8 10

0.1 M dithiothreitol = 8 10

[S|dATP 2 4 5

sterile water 24 44 o0

Klenow pol (5 units ul™') 2 4 5
164
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Protocol 5. Continued

10. Add the Klenow polymerase last and keep on ice; dispense the enzyvme
mix as soon as possible after the enzyme has been added.

11. Add 2 pl of enzyme mix to each sample well, using the repetitive
dispenser, and centrifuge the plate briefly. Tuke carc not to cross-
contaminuate wells.

12. Incubate at room temp. (20°C) for 15 min or at 37°C for 10 min

13. Dispense 2 pl of 0.5 mM dNTP chase mix on {0 the edge of each well,
and mix by brief centrifugation.

14. Incubate at room temp. for 15 min at 37°C for 10 min. The plates can be
stored at —20°C ar this stage, for up to several months. Freezing of
reactions after addition of formamide dye mix tends to cause deprada-
tion of DNA, and should be avoided if possible.

15. If the samples are 1o be loaded directly on to a gel, add 2 ul of
formamide dye mix to the edge of each well, and centrifuge briefly to
mix.

16. Incubate at 80°C for 15 min in an oven.

17. Load samples onto gels as described i Protocol 8.

3.2 Sequencing reactions with Sequenase and other
polymerases

Sequenase and Sequenase 2.0 are the trademarks of a chemically-modified
form of T7 DNA polymerase which incorporates dNTPs and ddNTPs a1 4
maore uniform rate and with a higher degree of processivity than Klenow
polymerase. Use of Klenow polymerase results in variations in intensities of
bands on sequencing gels. because of different affinities of this enzyme for its
substrates. The most marked example of this is the observation of a weak first
C in a run of Cs, sometimes making the first C unreadable. In additon,
sequence-specific pile-ups (often co-migrating with A bands in the sequence
PuCA) are often observed because of pausing of the polymerase. The use of
Sequenase overcomes these problems, resulting in a more even band
intensity, It is therefore of particular use when automatic gel readers are
being employed. United States Biochemical Corporation (LISB) is currently
the recommended supplier of this enzyme, and has produced an improved
version (Sequenase 2.0). Version 2.0 is a genetically-modified form of the
earlier version of Sequenase, and in contrast to the latier, has no detectable
exonuclease activity. Pharmacia also markets an unmodified form of the
enzyme. Both Pharmacia and USB supply the enzvme in convenient Kits
containing nucleotide mixes, primers and buffers, together with a booklet
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containing detailed reaction protocols. The recommended reaction procedure
is rather different from that using Klenow polymerase, in that annealing is
followed by a labelling/extension step. during which no ddNTPs are present,
This step is carried out using [“S|dATP and limiting concentrations of the
other three dNTPs. The length and temperature of the labelling/extension
siep, and concentration of ANTPs and template DNA are eritical determinants
of the length of extension from the annealed primer. It is therefore important
1o tailor the labelling/extension conditions 10 obtajn sequence information
for the region being analysed. For example, 100 short a labelling/extension
step will result in strong readable bands at the bottom of the gel near the
primer-annealing site, which soon become unreadable further up. The
labelling/extension reaction is followed by a termination step, in which all
four dNTPs and a relatively high concentration of a specific ddNTP are
added to each reaction, However, to allow the use of u 2 ul Hamilton
repetitive dispenser and microtitre plates, the reagent volumes quoted in the
USB protocol need modification. These modified conditions (A. Bankier
and C. Brown, personal communication) are shown in Protocol 6. Tag
(Thermus aguaticus) polymerase may also be useful, especially when high
reaction temperatures are necded (when sequencing GC-rich regions) and in
sequencing of PCR-amplified material,

Protocol 6. Sequencing reactions using Sequenase

You should have the following buffers and nucleotide mixes ready before you
start the experiment;

® 5 X Sequenase buffer: 200 mM Tris-HCI pH 7.5, 100 mM MgCl., 250 mM
Na(l,

e Labelling/extension mix: 2 uM dTTP, 2 uM dCTP, 2 uM dGTP. Store at
—20°C in aliquots.

® Scquenase termination mixes: each mix contains all four dNTPs at

150 uM, and the appropriate ddNTP at a concentration of 15 uM. Store at
—20°C in aliguots.

e Formamide dye mix; as in Protocal 5.
1. Annealing of template and primer. For each template, mix the

following:

® 5 X Sequenase buffer 2 ul
® universal sequencing primer (0.5 pmol p™") 1l
e sterile water 6l

2. Add 2 ul of primer mix to each microtitre well, using a Hamilion
repetitive dispenser.
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Protocol 6. Continued

3. Add 2 pl of template DNA (at about 150 ng pl 'Y tothe T, C, G, and A
wells. Note the different quantities of template; usually 50% more
template is used in Sequenase reactions. This is achieved by resuspending
the template preparation in a smaller volume of TE at the final steps of
Protocols 1 and 2.

4. Anncal as in Protocol 5, steps 4-7.

5. Using the repetitive dispenser, add 2 pl of labelling/extension mix, made
up as follows (volumes in microlitres):

Number of templates 4 5 10
0.1 M dithiothreitol 4 8 10
1 % labelling/extension mix 1 2 25
[FS|dATP 2 4 5
sterile water 24 48 il
Sequenase | 2 2.5

6. Mix by brief centrifugation and incubate al room temp. (20°C) for 5
min. Note that these are suitable labelling/extension conditions for
reading a sequence from the primer site to about 200 bases distal to the
primer. Sequence further from the primer site can be generated by
increasing the amount of labelling/extension mix and/or the lab-_:lhngf
extension time. In addition, the concentration of template DNA in the
labelling/extension reaction will affect the extension.

7. Dispense 2 ul of appropriate termination mix pre-warmed 1o 37°C on to
the edge of each well, using the repetitive dispenser.

8. Mix by brief centrifugation and incubate at 37°C for 5 min.

9. Add 2 pl of stop (formamide dye mix) solution to the edge of each well,
and centrifuge briefly to mix.

10. Incubate in an oven at 80°C for 15 min,
11. Load the samples on to a gel as described in Protocol 8.

3.3 Use of dGTP analogues during sequencing reactions

GC-rich regions tend to form hairpin loops which result in co-migration of the
bands on a gel to form a ‘compression’, often making the sequence un readable
in this region. To resolve this problem the gel can be run in such a way as 1o
create a more denaturing environment. This can be done by electrophoresing
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at a higher temperature or including formamide in the gel mix. Alternatively,
the problem can be overcome with dGTP analogues which do not form stable
GC basc-pairs, Two analogues which can be used are dITP and 7-deaza
dGTP, and nucleotide mixes for Klenow polymerase and Sequenase reactions
using one or both of these instead of dGTP are shown in Tables | and 2. Use
of these analogues tends to result in a sequence of poor quality, however, and
therefore is recommended only when alterations in gel running conditions
cannot resolve the problem. Moreover, the sequence around the compression
can generally be resolved by sequencing the complementary strand, which is
of course necessary in any sequencing project.

4. Gel electrophoresis

4.1 Denaturing polyacrylamide gel electrophoresis

High-resolution polyacrylamide gels will separate strands which differ in
length by one base. up to a limit, and the amount of readable sequence
obtainable from a gel run is dependent on the length of the gel and the
running time. The other limitations on the amount of sequence information

Table 1. Nucleotide mixes for diTP and 7.desza dGTP sequencing with Klenow
polymerase

(A} Deoxyinosine triphosphate (dITP) mixes (volumes in ul)*

e C G A
0.5 mM dTTP 25 500 800 500
0.5 mM dCTP 500 25 50 500
2.0 mM diTP 500 500 5 500
10 mM ddTTP 50 0 i} 0
10 mM ddCTP 1] 8 ] 5]
10 mM ddGTP 0 o 2 i}
10 mM ddATP 1] ] 0 1
TE pH 8.0 1000 1000 1000 500
(B} 7-deaza dGTP mixes (volumes in ul)*

T C G &
0.5 mM dTTP 500
0.5 mM aeTP 0 5% 00 500
0.5 mM 7-deara dG TP 600 500 25 500
10 mM ddTTP B 0 0 1]
10 mM ddCTP 0 2] ] a
10 mM ddGTP 0 i} 16 1]
10 mM ddATP o ] ] 1
TE pH B.0 1000 1000 1000 500

*# Store st —20°C in aliguots.
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Table 2. Nudleotide mixes for diTP sequencing with Sequenase

(&) Labeling/extansion mix”

e dTTP 2 M
e dCTP 2uM
» dITP 4 um

(Bl Termination mixes (concentrations in uM)*

) C G A
dTTP 160 150 150 150
dCTP 150 150 150 150
dITP 300 300 300 300
dATP 150 160 150 150
ddTTP 15 0 1] 0
ddCTP 0 16 0 0
ddGTP 0 o 3 o
ddATP (i 1] 0 15

# Store st —20°C in sliquots.

obtainable from a particular sequence reaction are obviously the reaction
conditions, quality of enzyme, template, etc. It is ertical to tun the
sequencing gels under denaturing conditions, as described in the following
sections.

The gels used for the analysis of the products of sequencing reactions are
usually 20 em wide and between 40 and 50 cm long: the precise size depends
on the gel tank. Gel moulds consist of two glass plates sandwiching spacers,
which are placed down each long edge. One of the plates has a notch cut out
of the top to allow efficient contact of the gel-running buffer with the gel. ltis
important that gels are as thin as is practicable, as this will maximize
resolution, although it will also lead to a reduction in the volume of sample
that can be loaded. Plastikard (polystyrene) spacers of (.35 mm thickness are
recommended, and the gel comb is cut from the same matenal. 1t is important
that the gel teeth are machine cut to produce wells which are flat-bottomed,
otherwise poor-guality gels result. The number of gel wells per comb is a
matter of personal preference, but if %6-well microtitre plates are being used a
50-teeth comb (wells 2 mm wide and 3 mm deep) is convenient, so that two
gels are sufficient to analyse 96 reactions. If fewer samples are being
analysed, combs with fewer teeth are easier to use. Teflon combs and spacers,
and ‘sharkstooth’ combs are supplied by some companies,

The usable width of a 20-cm-wide gel is generally about 16 cm, as
considerable ‘smiling’ (slower running at the edges of the gel) occurs because
of unequal heat distribution across the width of the gel, if wells are loaded too
close to the edges. Excessive smiling causing difficulty during gel reading,
particularly if this is avtomated.
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4.1.1 Preparation and pouring of the polyacrylamide gel

Protocol 7 gives the methods for casting thin denaturing polyacrylamide gels.
Several points should be emphasized. The gel plates should be as clean and
dust-free as possible, otherwise troublesome air bubbles will result during
pouring. It is sometimes possible to dislodge these by placing the gel in an
almost vertical position after pouring, and tapping the plates. Alternatively,
bubbles may be dislodged by sliding a strip of X-ray film between the plates.
Bubbles and particulate matter in the gel matrix cause streaking of the
samples during gel running.

Gels should be left 1o polymerize for at least 30 min before running, and
can be left overnight a1 room temperature provided the top of the gel is
covered with dsmpened Kimwipes and Saran wrap to prevent drying out. It s
important to allow the gel to polymerize for a sufficient length of time: if the
comb is removed before polymerization is complete, poor wells are produced
which result in a sequence of low quality.

Protocol 7. Preparation of a denaturing polyacrylamide gel
You will require the following buffers and reagents:

o Ammonium persulphate: make up at 25% (w/v) in deionized water. Can be
stored at 4°C for several months in the dark.

e TEMED = N NN’ N'-tetramethyl-1,2-diaminocthane.

e 10 x TBE: dissolve 108 g Tris-base + 55 g boric acid + 9.3 g EDTA in
deionized water and make up to 1 litre. Store at room temp.; after a few
weeks a white precipitate may form. Discard when this ocours.

e 40% (wiv) acrylamide: dissolve 380 g acrylamide + 20 g N N'-methylene
bisacrylamide in deionized water and make up to 1 litre. Deionize by
stirring with Amberlite MB1 (2%, wiv) for 5 min and filter through a
Whatman 1 filter disc. Stable at 4°C for several months,

& 6% (or 4%) (wiv) denaturing acrylamide gel mix: 460 g urea, 150 ml 40%
(wiv) acrylamide (or 100 m] for 4%), 100 ml 10 X TBE made up to 1 litre
with deionized water. Store at 4°C. Stable for several manths.

e (.5 X TBE denaturing acrylamide mix (buffer gradient gels): 460 g urea,
50 ml 10 X TBE, 150 ml 40% (w/v) acrylamide made up o 1 litre with
deionized water. Store at 4°C. Stable for several months.

® 5 X TBE denaturing acrylamide mix (buffer gradient gels): 92 g urea,
30 ml 40% (wiv) acrylamide, 100 ml 10 X TBE, 10 mg bromophenol blue
(this facilitates the visualization of the gradient as it is mixed and poured)

made up to 200 ml with deionized water. Store at 4°C. Stable for up to a
month.
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Protocol 7. Continued

1. Clean the glass plates thoroughly in warm water. It is advisable not 10 use
abrasives or detergents to clean the plates, and this should not he
necessary if the plates are washed immediately after use,

2. In a fume cupboard, wipe a few millilitres of silamizing solution over the
surface of the notched plate with Kimwipes, on the side which will contact
the gel. Leave 1o air-dry.

3. Wipe both plates with 96% (v/v) ethanol, and polish thoroughly, taking
care to remove dust from the plate surfaces.

4. Assemble the gel mould with the two spacers, and use gel-sealing tape to
seal around the bottom and sides of the mould. Ensure that sealing is

complete.
5. Allow sufficient 4% or 6% gel mix 10 warm up to room temp. For a 40 cm
¥ (.35 mm X 20 cm gel mould use 40 ml; for a S0-cm-long gel use 50 ml,

6. For 40 ml of gel solution add 70 pl 25% (w/v) ammonium persulphate and
70 Wl TEMED. Mix and then pour into the gel mould using a 50-ml
disposable syringe. Start pouring the gel with the mould at about 45".111
the horizontal, and gradually decrease this angle as the mould fi[_hi up with
gel mix, Try to keep the flow of gel mix between the plnte_s continuous, as
this will minimize the risk of air bubbles. Keep any remaining gel mix on
ice, for step 7.

7. Insert the gel comb to a depth of about 0.5 cm, clamp the plutcfa with
foldback clips directly over the spacers and leave the gel to polymerize for
at least 30 min. Check that the top of the gel level does not drop, and top
up with the remaining gel mix if necessary,

4.1.2 Gel apparatus

Many types of gel apparatus are currently available, and some of these have
inbuilt passive or active temperature control systems. These lc.:mpuratl‘nc
control systems are designed to dissipate the temperature gradient which
develops during gel running and causes smiling. Passive temperature control
systems have a large volume of buffer in contact with one of the gel plnth.
acting as a heat sink. Active control, on the other hand, involves the pumping
of buffer from a reservoir which is temperature-controlled around a chamber
which contacts one side of the gel mould. These systems have the advantage
of allowing gels to be run at precisely-controlled temperatures so that, for
example, compressions can be melted and resolved. Huwe?cr. the extra
expense of these controlled systems generally outweighs their advaniages.
The simple design shown in Figure I is much cheaper and is adequate for most
purposes. In addition, an aluminium sheet can be placed in direct r.:ur%lact with
the outer glass plate of the gel mould during gel running, to dissipate the
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Figure 1. A simple vertical gel electrophoresis apparatus. The apparatus has a safety
cover, but no inbullt cooling system; this type of system Is perfectly adequate for most
BEQUENCING pUTpDSas.

temperature gradient and prevent excessive smiling. These systems have the
added advantage that if the upper buffer trough and electrode is designed 10
be supported by the gel mould, different lengths of gel can be readily
accommodated.

4.1.3 Gel loading and running

Protocal 8 describes the preparation of gels for running, once poured, and the
steps taken to load the denatured samples. As soon as the gel comb is
removed ured leaches out of the gel into the sample wells. The ures should be
flushed out of the gel wells immediately before loading, as its continued
presence will result in diffuse bands. Gel samples should be loaded as rapidly
as possible, to minimize renaturation and diffusion of the samples in the gel
wells. To avoid cross-contamination of the samples the gel loader should be
thoroughly rinsed in the lower buffer chamber between each application. The
ideal gel loader, although less desirable on safety grounds, consists of a length
of rubber tubing connected to a mouthpiece at one end and a piece of narrow
bore FEP tubing which has been pulled to a fine point in a flame. The tubing
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must be narrow enough to fit between the gel plates, but not so narrow as 1o
make gel loading difficult. Care must obviously be taken during loading 10
avoid blowing air bubbles through the samples in the gel wells. This will not
only lose the sample being loaded, but will also result in cross-contamination
of the other sample wells. Loading of sequencing gels usually requires some
practice, and the beginner is advised to start with gel combs with wider teeth
than those on the 50-well combs used by more experienced sequencers,

Protocol 8. Preparation of a sequencing gel for running
Prepare the gel for running a few minutes hefore loading.

1. Remove or slit with a razor blade the gel-sealing tape along the bottom of
the cast pel.

2. Place the gel mould in the gel running tank, and clamp securely into
place. It may be necessary to seal around the upper rubber seal of the
apparatus with silicone wax to prevent buffer leaking.

3. Pour 1 X TBE buffer (usually about 400 ml per chamber) into the upper
and lower buffer chambers.

4. Remove the gel comb, and immediately flush out the gel wells with a
pasteur pipette and the buffer in the upper chamber.

5. The samples should be heat-denatured by heating at 80°C for 15 min, and
the sample volume reduced to about 3 pl,

6. Immediately prior to loading, flush out the sample wells #gain to remove
any residual urea. Suck the sample into the narrow-bore pipette, and
apply about 90% of the sample into the gel well, by gentle blowing. Place
the end of the capillary close to the bottom of the well and do not attempt
to load all of the sample, as this will probably introduce air bubbles, Do
not load samples into the wells to a depth greater than half the width of
the well, as this will result in loss of resolution.

7. Rinse the capillary, and load the next sample, proceeding as quickly as
possible.

8. When gel loading is complete, place the cover over the gel (or safety
cabinet) and turn the power supply on. Run the gel at constant power, for
a 50-cm-long gel run at 35-40 watts {current = 25-32 mA: voltage = 1.3-
1.5 kV) for about 2.5 h, and for 40 cm gels run at the same power for
1.5 h. By this time, the bromophenol blue marker dye should reach the
end of the gel,

4.1.4 Length of run

The rate-limiting part of a sequencing project is generally the running of the
gels, and it is therefore desirable to obtain the maximum amount of sequence
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from @ set of reactions and the subsequent gel. The information obtained can
be maximized in one of several ways, namely, multiple loading of samples, or
the use of either wedge or buffer gradien! gels. With good resolution, a 40 em
%o gel will yield about 200 nucleotides of sequence. IT the gel is 50 cm long,
this can be increased to 250 nucleotides. Running longer gels for extended
peniods will not, however, increase the amount of readable sequence
proportionally, and moreover the long gels become difficult 1o handle, In
addition, sequence information in proximity to the priming site is lost from
the bottom of the gel during prolonged runs. This problem can be overcome
in part by multiple loading, that is, loading of portions of the same sample at
time intervals onto the same or different gels. For example, samples can be
run on gels for 2, 4, and 6 h by loading at stagpered intervals; this will
generate up to 450 bases of readable sequence. During prolonged runs it is
advisable to change the running buffer halfway through. In addition, the
sample can be run on 4% gels for prolonged periods to obtain readable
sequence further from the priming site. It is unlikely, however, that more than
450 bases of accurate sequence can be obtained using this approach, as the gel
resolving power becomes limiting, making the determination of the number of
nucleotides in a run of multiple bands, for example, particularly difficult.

4.2 Voltage gradient gels

Running samples on a linear 6% (or 4%) gel with a uniform field strength
produces & wide separation of bands near the bottom of the gel. The bands
gradually become closer as one reads further from the primer annealing site.
This wastes gel space, and the ideal would be to have an even spacing of
bands all the way up the gel. A step towards this can be taken by having a
gradient of field strength, decreasing down the gel. Thus when smaller DNA
molecules move further down the gel, they experience less driving force. Such
a gradient can be set up in one of two ways, using wedge or buifer gradient
gels (8, 9). The preparation and running conditions for these gels are given in
Protocols 9 and 10,

4.2.1 Wedge gels

Wedge gradient gels are produced with wedge-shaped spacers. Since the
electrical resistance of a TBE/polyacrylamide gel decreases with cross-
sectional area, a linear increase in the gel thickness from top to bottom results
in a decrease in voltage gradient towards the bottom of the gel. The limit on the
maximum thickness of the wedge is 1.5 mm, as the required drying time and
the band fuzziness both increase and become limiting as the thickness is
increased further.
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Protocol 9. Preparation and running of wedge gels

1. Use polystyrene cement fluid to fix two 3 em Plastikard strips (one on
either side) on one end of each of two spacers.

2. Assemble the gel mould and pour the gel as deseribed in Protocol 7.
Clamp the gel, once poured, at the top and directly aver the thick end of
the spacer

3. Load, run and process the gel as described in Protocols 8 and ]1.
Remember that the gel will take longer to fix (about 30 min) and dry
down (about 45 min).

4.2.2 Buffer gradient gels

Buffer gradient gels are an attractive alternative, as their use overcomes the
problems encountered in drying down wedge-shaped gels. They are,
however, slightly more difficult to pour than wedge gels, The gradient is
produced by slight mixing of two gel mixes of different TBE strengths in a
pipetie, and then pipetting the gradient between the gel plates of the mould.
The gradient is limited to the lower part of the gel mould only, and its length
and steepness can be altered by changing the volumes and concentrations of
the different TBE mixes used. The degree of mixing of the gradient solutions
m the pipette can also be varied to alter the gradient properties. It is possible
to obtain 250 bases of sequence from & 40 cm long buffer gradient gel; use of a
50 cm long gel extends this to about 300 bases. It is advisable, however, not 10
run buffer gradient gels for longer than is needed to run the bromophenol
blue dye to the bottom of the gel, as the gels become very hot during
prolonged runs, tending to cause cracking of the plates,

Protocol 10. Preparation and running of buffer gradient gels

1. Assemble the gel mould as described in Protocol 7, steps 1-4.

2. For a 20 em X 50 em » .35 mm gel, allow 50 ml of 0.5 X TBE gel mix
and 7ml of 5.0 X TBE gel mix to reach room temp. in separate
conlainers,

3. Add 100wl each of 25% (w/v) ammonium persulphate and TEMED to
the 0.5 X TBE mix, and 14 ul each to the 5.0 %X TBE mix.

4. Draw 40 ml of 0.5 ¥ TBE mix into a 50-ml disposable syringe, and set
aside.

5. Fit a pipette controller on to a 10 ml pipette, and suck up 6 ml 0.5 X
TBE mix, followed by 6 ml 5.0 X TBE mix, to form two layers.

6. Introduce a few air bubbles to form a crude gradient in the pipette. The
amount of mixing can be aliered to produce gradients of differing
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Protocol 10. Continued

steepness. Addition of bromophenol blue to the 5.0 X TBE gel mix
(Protocol 7) allows the degree of mixing to be visualized.

7. Transfer the gradient mix fo the gel mould by pipetting it down one edge
of the mould. Hold the mould at an angle, and keep the flow
continuous. The gradient mix can be poured down the centre of the
mould; this will result in & more even gradient, but is more difficult to
do.

8. When all the gradient mix has been poured between the plates, lower
the plates 1o the horizontal (o arrest the flow,

8. Holding the mould at an angle 1o the horizontal, pour in the 0.5 X TBE
mix, keeping the flow continuous with that of the gradient mix.

10. Lower the mould 1o the horizontal, when filled, and insert the gel comb
to & depth of ahout 0.5 cm.

11. Clamp the plates together, and continue gel loading, running, and
autoradiography as in Protocols 8 and 11, except that a 40 cm gel will
take about 2.5 h, and a 50 cm gel about 3.5 h, to run.

4.3 Autoradiography

Due to the low energy emission of [“SJdATP it is important to dry
sequencing gels 1o minimize their thickness prior 10 exposure to X-ray film,
otherwise the signal is severely quenched. In contrast, if [2P]dATP is being
used, gel drying is preferable but not essential. Close contact between the gel
and X-ray film is necessary if strong, sharp bands are to be obtained, The
procedure for preparing and drying gels for autoradiography is as follows:

Protocol 11. Preparation of gels for sutoradiography

1. When electrophoresis is complete, disconnect the power supply and
discard the TBE buffer (the lower buffer, in particular, will contain
relatively high levels of radioactivity, and should be disposed of
appropriately).

2. Remove the gel mould from the chamber, and remove sealing tape and
spacers.

3. Prise the gel plates apart, using either scissors or a spatula, with the
silamized notched plate uppermost (the gel should not stick to this plate,
although, despite silanization, this sometimes occurs).

4. Place the plate with the gel uppermost in a suitable shallow tank (we
routinely use seed trays), and gently cover with 10% (v/v) acetic acid as
fixer. Leave the gel in fixer for at least 15 min, and then cover the gel
with plastic mesh (e.g. greenhouse shading), followed by the notched
plate, and carcfully lift from the tank. It is essential to fix the gel for at
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Protocol 11. Cantinued

least 15 min, to allow the urea to leach out from the gel; unless this
occurs, it is nol possible to dry the gel down properly. If changes in the
refractive index of the fixer are observed when the gel is gently agitated,
then there is stll urea in the gel.

5. Remove the notched plite and mesh and hold the plate and gel at abowt
207 to the honizontal, so that residual fixer drains off (lake care that the
gel does not shide off the plate!).

6. Remove excess liguid with Kimwipes, and then Lay & piece of Whatman
3MM paper, cut 10 a suitable size, over the gel, and slowly peel back,
The gel should stick to the paper.

7. Cover the gel and paper with Saran wrap and dry the gel under vacuum
at 80°C for 15-30 min. It is essential that the gel is dried properly to
prevent quenching of the radiation and the gel sticking to the X-ray film.
Alternatively, if [“PJdATP is being used, the gel can be exposed 10 X-
ray film wet, with a piece of Saran wrap between the gel and film, (Note
that domestic cling-film is too permeable for this.)

B. Remove the Saran wrap from the dned gel, and place in a cassetie next
to the X-ray film.

9. Expose for 24 h or longer, at room temp.
10. Develop the film using the method recommended by the supplier.

5. Data analysis

5.1 Fault finding

The awtoradiograph usually provides the first indication as to whether or not
the previous steps have been successful, and therefore yields a lot of useful
information for trouble-shooting. The most common problems involve the
presence of extra bands (‘artefact’ bands), faint bands or diffuse bands (10).
Causes are suggested below. In addition, certain sequence-specific artefacts
are often encountered.

5.1.1 Artefact bands in one track only

These are usually caused by having an inappropriate ratio of dNTP to ddNTP,
or contamination or degradation of a mix. Sometimes (especially in the €
track when using Klenow enzyme) they may be due to use of a stale
dithiothreitol solution. Make up fresh solutions.

5.1.2 Artefact bands in all tracks

This is usually indicative of a poor-quality template. This may be due 1o
contamination (e.g. with PEG, NaCl, phenol, or cell debris caused by
growing the cells for too long before harvesting the single-stranded DNA). It
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may also be caused by degradation of the DNA (again perhaps through
growing the cells for too long, excessive freeze-thawing of the template or
freezing the sequencing reaction products after addition of formamide),
Other, less frequent, causes are the presence of excess primer during
annealing, use of poor quality polymerase, cross-contamination of templates
(perhaps through failure to pick single plaques earlier) or mixes. If DNA
known 1o be of good quality is available, then that should be used to see if
template quality is a problem. Increasing the polymerase concentration may
help, but preparation of fresh template is usually the best answer

5.1.3 Bands faint

This may be caused by a low yield in the DNA preparation. Check that the
cells used for growth of phage have come from a suitable selection plate, and
that the temperature and other conditions used were correct. Freeze-thawing
of template or primer, or use of faulty nucleotide mixes may also be
responsible. If this is suspected, replace these solutions. Obviously, use of old
radiolabel will cause bands to be faint. Complete absence of bands may be
due to deletions within the recombinant phage leading to loss of the primer-
annealing site.

5.1.4 Bands diffuse

This usually indicates a problem with the electrophoresis or preparation for
autoradiography. The most frequent causes are overheating or prolonged
heating of the samples before loading, overloading of the samples (the
thinner the gel the more likely this is to be a problem), failure to wash the
urea out of the wells before loading or out of the gel before drying down, stale
or poor quality electrophoresis reagents (check that the 10 X TBE has not
produced a white preaipitate), dirty gel plates, failure to allow the gel to
polymerize properly before electrophoresis, and gel overheating during
electrophoresis or drying down.

5.1.5 Sequence-specific artefacts

The following are among those noted more commonly:

(1) A bands: in a run of As, the bottom band is often stronger than the
others,

(b) C bands: where two or more Cs are adjacent, the lowest is generally much
weiker than the next one, This can be so severe that the lowest C may not
be visible at all, and this may also occur with single C bands. Tt is
generally much worse with Klenow polymerase than with Sequenase.

(¢} G bands: these may be weak in the sequence TG,

(d) TGCC: this sequence may cause an artefact band in the C track at or
between the levels of the T and G bands.

(e) GCA: this sequence may cause an artefactual T or C at the level of the A
band.
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(f) Compressions are probably caused by the formation of hairpin loops
during electrophoresis. They cause bands to run very r:tlnsl: logether,
sometimes superimposed, often with increased spacing in the region
immediately above. Addition of formamide to the p_._cl may help I._hi.s
problem, as may modification of the sequencing reactions (sce Section
3.3). Use of thermostatied plates may also help.

(g) Pile-ups are also known as ‘walls’, and are recognized as strong stops in
all four tracks. Carryving out the reactions at higher temperatures with
Tag polymerase may help, and sequencing on the opposite strand usually
also resolves any ambiguity, Sequencing both strands should in any case
be regarded as essential to any sequencing project.

5.2 Gel transcription with a sonic digitizer

Transcribing sequence from a gel by hand and then typing th; inijﬂnnaliun
into a computer is both tedious and unreliable. The easiest solution 15 to use a
GrafBar sonic digitizer, which is attached to the top of a light box. The
autoradiograph is placed perpendicular to the GrafBar, and a pen-like device
is moved up the autoradiograph, with the tip being pressed on to each base in
turn. Pressing the pen causes a signal 1o be emitted, which is detected by two
sensors on the GrafBar. The position of the pen is then computed, which
indicates which lane has been signalled, and thus the order of the has:?s in the
sequence. At the same time, a note is emitted, to confirm audibly whjcl'! base
has been called. The sequence information is fed directly into a suitable
computer attached to the digitizer. If the lanes in the autoradiograph are not
sufficiently straight (as & consequence perhaps of a badly-poured buffer
gradient or serious smiling) it may be necessary to redefine the working area
of the gel. This will usually be indicated by the program.

5.3 Computer systems available for sequence analysis

The computer systems available are constantly evolving, and it is ]_:-mhub!y
inappropriate to go into much detail in a short review such as this. More
detailed descriptions are available elsewhere: we will d.i:ﬁ.t!‘.l:lbc some of the
systems available (this section), and indicate the main kinds of program
needed (next section) for data handling (11, 12). .
Very often, a small computer (e.g. Apple Macintosh, IBM PC, or similar)
in an individual lab is used as a terminal for a much larger machine, such as 8
VAX. Access to such a machine is essential for operations such as database
searching. Larger individual machines might include a DEC Micro \"'ﬁiux ar @
SUN (Unix) workstation. If access to a VAX is available, then this with _Efﬂf
example) a Macintosh as a terminal represents perhaps the _upilmul
combination of machines, although it should be emphasized that this is _m a
large extent a matter of personal preference and that for some applications
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other combinations may be more desirable (some complex evolutionary tree-
building may be better performed on more powerful machines, for example),
A wide range of programs is available for the above and other machines, and
these are continually being modified, and moved 1o other operating systems.
Probably the largest and most widely-used general package at the present is
the STADEN system, which is available for IBM PCs, VAX/VMS, and Unix
machines. The GCG package (VAX/VMS, Unix) is also widely used.

3.4 Sequence analysis

The first stage is to use the sonic digitizer to enter the sequence into a
computer. A suitable program is required to run the digitizer. These include
READGEL (IBM PC), GELIN (STADEN) and GelEnter (GCG). It is
important 1o check that vector sequence has not been read in by mistake (lor
example by reading all the way through a short insert), and many packages
have facilities for removing gel readings that are ‘contaminated’ with vector
sequence. The veclor region should be edited out, and the remaining
sequence used. The next step is usually the assembly of individual readings
into (ideally) one unambiguous sequence covering the entire region in
question. It would be mappropriate o go into great detail here as
documentation should of course be obtained with the programs. In principle,
cach gel reading is systematically compared (using both strands) with the
others. If the computer finds overlap between two sequences, they are placed
together in a “contig’. If two contigs overlap, they can also be joined to form a
larger contig and so on. Ideally, it should be possible to join all the individual
gel readings into one large contig, but & number of factors may prevent this,
One is that not ull the sequence may have been determined. It may be
necessary later to identify specific restriction fragments which will be able 10
link contigs. These can then be cloned and sequenced as appropriate. The
next problem is that a piece of sequence may be of poor quality, and the
computer does not regard it as being sufficiently similar to other sequences to
form a contig. Most programs allow some flexibility, for example in allowing
4 certain number or percentage of Baps or mismatches belween two
sequences. In addition, when uncertainty exists in a gel reading, it is usuaily
possible 1o enter an ‘ambiguity’ code letter to indicate this. For example, in
the STADEN system, ‘D’ means 'C or CC, 'R’ means ‘A or G', and there are
other codes to cover all eventualities. The program can then make allowances
for these ambiguities in generating contigs. Because there may be differences
between individual gel readings, it is not usually possible to defive one single
overall sequence on the first run. A ‘best fit’ or consensus is calculated, and
discrepancies between individual readings can then be compared with the gels
0 resolve disagreements. This process can be very tedious, and for this
reason poor quality sequence can be a hindrance rather than a help. Because
of the need 10 go hack and consult gels, it is very important to give systematic

180

Christopher |. Howe and E. Sally Ward

names to individual readings that are entered into the compuler, otherwise
identifying the gels involved becomes a very difficult task! ﬂnc-\_e a consensus
sequence has been derived, and discrepancies resolved, analysis of the data
can be carried out. The following manipulations can usually be carried out
quite readily.

5.4.1 Deriving a restriction map .

A computer file containing lists of r_ts:rir:!i-fm enzyme rcc_uga::ilmn sites is
compared with the sequence, and a listing of sites gcn_r:rulrd. Ii'h'.r. neced Inﬂl.hf.'
confined to restriction sites, of course. Promoter ITiBIIf.'.: and nbosome binding
sites, for example, can be screened for in similar fashion.

5.4.2 Secondary structures and repeats

The sequence can be analysed for secondary structures, such as I_'lajrpin loops,
Hairpin loops will be inverted repeat sequences; it is also possible 10 1_:::‘;:::1.-.:1
for direct repeats. More sophisticated programs can screen for complicated
structures such as tRNA coding regions, and allow for the presence of
introns, mismatches and so on.

5.4.3 Coding regions _ |
Coding regions have a number of features that can be ust'f:l in analysing a
sequence. There should be a long stretch of sequence with at least one
reading frame devord of termination codons, An AUG codon ,Hf'.ght also be
cxpected, although other codons can m'cusinn?ll‘_\' be ysed fuf initiation, and
in any case the presence of introns may complicate lhli‘j, Cﬂd!ng regions also
have a non-random disposition of bases, so this, mmhmcfd with the lack u_f a
termination ¢codon would be particularly compelling evidence of u coding
function. Translation programs, using either the ﬁfnng’-ard genetic code or
specified variant of it, will convert the DNA sequence into the cgrrespnnd!ng
amino acid sequence. Just as with the screening of DNA for particular millllf!i.
protein sequence can be screened for important features, such as glycosylation
sites, processing sites and so on.

5.4.4 Dalabase searching and homology displays

A number of databases, of both DNA and amino u:r:i-:! sequences, ﬂ.rl.;
maintained and distrbuted widely. Many juurnalﬁ_mnke it a condition of
acceptance of a manuscript that evidence is provided that any sequence
information has been submitted to a database (consult the ‘imtmutltrns_lﬂ
Authors” for this). Screening large databases will of course require a quite
powerful machine, but may well be very rewarding. Homologies bcfweetn
sequences are often most casily displayed in the form of a QIAGUN [:10 :
This is a two-dimensional representation, where one sequence is placed along
one axis, and the other is placed perpendicular to it. Wh{frr the same r::s:.duc
occurs in both sequences, a dot is placed at the sppropriate co-ordinates on
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the plot, A region of homology between two sequences will therefore be
indicated by a diagonal line, In practice it is much better to compare not
individual residues, but a window moving down the sequences. The length of
the window and the accuracy of mateh required can be selected and will affect
the background, the length of any homologies and so on. When using these
techniques, it is advisable to experiment with a wide range of parameters to
avoid missing anything.

5.4.5 Hydrophobicity and secondary structure

The degree of hydrophobicity, and the likelihood of forming particular
structures (alpha-helix; beta-pleated sheet, etc.) can be plotted along the
length of the protein, and predictions made about the structure of the protein
(12). Integral membrane proteins, for example, often contain stretches of
membrane-spanning  hydrophobic alpha-helices, separated by hydrophilic
regions. However, the algorithms should be regarded with a degree of
scepticism since (contrary to the indications given by much of the literature)
they are far from being completely reliable. The importance of testing all
these predictions experimentally cannot be over-emphasized!
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