Chapter 2 - Materials and Methods

The sections in this chapter are laid out in an order that most closely reflects when they
were used during the thesis. Following the subheadings of suppliers, stock solutions and
buffers are the methods for transforming HB101, purifying plasmid DNA, labelling
PCR primers, purifying nicked PCR products, running cofactor, length-dependency and
processivity timecourses and analysing gels. Tables of experimental components are
provided within the text, using a smaller font and single spacing for clarity.

2.1 Suppliers
Chemicals, reagents and laboratory consumables were purchased from Bio-Rad, Fisher
Scientific, GE Healthcare, Promega, Roche and Sigma. Radiochemicals were purchased
from Perkin Elmer (PE) and stored at 4°C. Restriction enzymes, polynucleotide kinase
(PNK) and Vent PCR polymerase were purchased from New England Biolabs (NEB)
and stored at -20°C.
Oligonucleotides were synthesised and purified by MWG or ATDBio and stored in
distilled water (DW) as 50 µM stocks at -20°C. DNA markers were purchased from
NEB and protein molecular weight size-markers from Invitrogen. Plasmid and PCR
purification kits were from Qiagen. Polyacrylamide concentrates, electrophoresis and
gel-drying equipment were from Bio-Rad. A Fujifilm FLA-5000 phosphorimager with
imaging plates was used for autoradiography.

2.2 Stock solutions
Biochemical stocks and reagents were made and stored according to Sambrook &
Russell (2001). These are listed below in Table 2.1, showing the name, stock
concentration and storage details. Stocks were made up in DW and in most cases were
21

sterilised by autoclaving at 15 psi for 20 min or filtered through 0.22 μm filters. They
were stored either at room temperature (RT), at 4°C in a fridge or at -20°C in a freezer:
Reagent

Storage

[γ-33P] ATP (gamma-phosphate radiolabelled), from PE

Stored at 4°C as 25 µl solution
(0.37 MBq/µl)
Stored at 4°C as 25 µl solution
(0.37 MBq/µl)
Fresh 1 l solution per four 45 cm denaturing
gels
Stored at 4°C as 500 ml solution; from BioRad
Stored at 4°C as 100 ml solution
Stored at 4°C for one week as 1 ml solution
Stored at -20°C in 1 ml aliquots
Stored at -20°C in 0.5 ml single-use aliquots
Stored at RT as 50 ml stock solution
Stored at 4°C as 100 ml solution
Stored at RT as 100 ml solution
Stored at -20°C in 200 µl aliquots; (used at
0.5×)
Stored at 4°C as 500 ml solution
Stored at -20°C in 1 ml aliquots
Stored at RT as 500 ml solution
Stored at RT as 100 ml solution, foilwrapped
Stored at -20°C as 100 ml solutions
Stored at 4°C as 100 ml solution
Stored at 4°C as 500 ml solution
Stored at RT as 500 ml solution
Stored at RT as 20 ml solution in glass vial
Stored at -20°C in 1 ml aliquots
Stored at -20°C as 100 ml solution
Stored at RT as 500 ml solution
Stored at RT as 500 ml solution
Stored at RT as 1 l solution
Stored at -20°C in 0.5 ml single-use aliquots
Stored at -20°C in 0.5 ml single-use aliquots
Stored at -20°C in 0.5 ml single-use aliquots
Stored at -20°C in 0.5 ml single-use aliquots
Stored at RT as 20 ml solution in plastic
sterilin
Stored at 4°C as 100 ml solution
Stored at RT as 100 ml solution; warmed to
use
Stored at RT as 50 ml solution
Stored at RT as 1 l solution
Stored at RT as 1 l solution; warmed to use

[α-33P] dATP (alpha-phosphate radiolabelled), from PE
Acetic Acid (10% (v/v))
Acrylamide:bis-acrylamide, 19:1 ratio (40% (w/v))
Ammonium acetate (10.0 M)
AMPS (20% (w/v))
Ampicillin (50.0 mg/ml)
ATP (10 mM, 2.0, 1.0 mM)
β-mercaptoethanol (βME) (14.0 M)
Benzamidine (1.0 M stock)
Bromophenol blue (BPblue) (0.4% (w/v) )
BSA (100×) from NEB
CaCl2 (1.0 M)
DTT (1.0 M)
EDTA (0.5 M, pH 8.0)
EtBr (5.0 mg/ml)
EtOH (70%, 100% (v/v))
Glucose (1.0 M)
Glycerol (50% (v/v))
Glycine (3.5 M, pH 8.3)
HCl (11.6 M stock, 2.5 M dilution)
IPTG (0.8 M)
Isopropanol (100% (v/v) )
KCl (1.0 M)
MgCl2 (1.0 M)
NaCl (5.0 M)
NAD+ (2.0 mM)
NADH (2.0 mM)
NADP+ (2.0 mM)
NADPH (2.0 mM)
NaOH (10.0 M stock, 2.0 M dilution)
PMSF (100 mM stock in ethanol)
SDS (10% (w/v))
TEMED (~98% w/v)
Tris-HCl (1.0 M, pH as required (7.0, 7.4, 7.5))
Urea diluent (50% (w/v))

Table 2.1. Biochemical stocks used in this work, including concentrations, storage conditions and typical
volumes used.

2.3 Buffers
Multicomponent solutions (buffers, gel-loading solutions, stains and growth media)
were made up and stored according to Sambrook & Russell (2001). These are listed
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below in Table 2.2. These were also made with DW and in most cases were sterilised by
autoclaving at 15 psi for 20 min or filtered through 0.22 μm filters. They were stored
either at room temperature (RT), at 4°C in a fridge or at -20°C in a freezer:
Reagent / components

Storage

2×YT growth media
Stored at RT as 500 ml solution
Yeast tryptone (16 g/l), yeast extract (10 g/l), NaCl (5 g/l), pH 7.0
Alkaline lysis solution I
Stored at 4°C as 100 ml solution
Glucose (50 mM), Tris-HCl (25 mM, pH 8.0), EDTA (10 mM), RNaseA (100 µg/ml)
Alkaline lysis solution II
Stored at RT as 100 ml solution
NaOH (0.2 M), SDS (1% (w/v))
Alkaline lysis solution III
Stored at 4°C as 100 ml solution
Potassium acetate (5 M), glacial acetic acid (2 M)
BbvCI dilution buffer (1×)
Stored at 4°C as 100 ml solution
KCl (50 mM), Tris-HCl (10 mM, pH7.4), EDTA (0.1 mM), DTT (1 mM), BSA (200 µg/ml), glycerol
(50%)
BbvCI reaction buffer (10×)
Stored at -20°C in 0.5 ml aliquots (used at
1×)
Tris-HCl (100 mM, pH 7.4), MgCl2 (50 mM), βME (10 mM), NaCl (300 mM), BSA (500 µg/ml)
BbvCI storage buffer (1×)
Stored at 4°C as 100 ml solution
NaCl (50 mM), Tris-HCl (20 mM, pH7.4), EDTA (0.1 mM), DTT (1 mM), glycerol (50%)
Clamp-loader dilution buffer (1×)
Stored at 4°C as 100 ml solution
Tris-HCl (20 mM, pH7.5), EDTA (0.5 mM), DTT (2 mM), glycerol (10% (v/v)), BSA (40 µg/ml)
Clamp-loader storage buffer (1×)
Stored at 4°C as 100 ml solution
Tris-HCl (20 mM, pH7.5), EDTA (0.5 mM), DTT (2 mM), glycerol (10% (v/v))
Clamp reaction buffer (10×)
Stored at -20°C in 0.5 ml aliquots (used at
1×)
Tris-HCl (100 mM, pH 7.4), MgCl2 (50 mM), NaCl (100 mM), ATP (500 µM), NAD+ (250 µM) BSA (500
µg/ml)
Coomassie stain
Stored at RT as 1 l filtered solution
Coomassie blue (0.25% (w/v)), methanol (45% (v/v)), acetic acid (10% (v/v))
Coomassie destain
Stored at RT as 1 l solution
Methanol (45% (v/v)), acetic acid (10% (v/v))
Deoxynucleotide solution mix from NEB
Stored at -20°C in 0.5 ml aliquots
dATP (10 mM), dTTP (10 mM), dGTP (10 mM) and dCTP (10 mM)
His-tag binding buffer
Stored at RT as 100 ml solution
Tris-HCl (20 mM, pH7.9), NaCl (500 mM), Imidazole (5 mM)
His-tag elution buffer
Stored at RT as 100 ml solution
Tris-HCl (20 mM, pH7.9), NaCl (500 mM), Imidazole (1 M)
His-tag wash buffer
Stored at RT as 100 ml solution
Tris-HCl (20 mM, pH7.9), NaCl (500 mM), Imidazole (60 mM)
LB (Luria-Bertani) agar plates
Stored at 4°C, wrapped to prevent
contamination
Exactly as for LB growth media, plus bacto-agar (15 g/l)
LB (Luria-Bertani) growth media
Stored at RT as 500 ml solution
Yeast tryptone (10 g/l), yeast extract (5 g/l), NaCl (10 g/l), pH 7.0
Ligase denaturing buffer (STOP) (1×)
Stored at RT in 20 ml aliquots
Formamide (80% (w/v)), EDTA (10 mM, pH 8.0), NaOH ( 2 mM), bromophenolblue (0.04% (w/v))
Ligase dilution buffer (1×)
Stored at 4°C as 100 ml solution
KCl (50 mM), Tris-HCl (10 mM, pH7.4), EDTA (0.1 mM), DTT (1 mM), BSA (50 µg/ml), glycerol
(50%)
Ligase native gel loading buffer (STEB) (1×)
Stored at RT in 20 ml aliquots
Sucrose (40%(w/v)), Tris-HCl (10 mM, pH 7.4), EDTA (10 mM), bromophenolblue (0.04 % (v/v))
Ligase reaction buffer (10×)
Stored at -20°C in 0.5 ml aliquots (used at
1×)
Tris-HCl (200 mM, pH 7.4), MgCl2 (40 mM), DTT (10 mM), BSA (500 µg/ml)
Ligase storage buffer (1×)
Stored at 4°C as 100 ml solution
NaCl (50 mM), Tris-HCl (20 mM, pH7.4), EDTA (0.1 mM), DTT (1 mM), glycerol (50%)
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PCI (Phenol:chloroform:isoamyl alcohol, 25:24:1 ratio)

Stored at RT as 100 ml solution; light-tight
bottle
50 ml of Tris-HCl (100 mM, pH 8.0), 25 ml phenol, 24 ml chloroform and 1 ml isoamyl alcohol
PBS (Phosphate-buffered saline)
Stored at RT as 1 l solution (used at 1×)
Na2HPO4 (10 mM), KH2PO4 (2 mM), KCl (2.7 mM) and NaCl (137 mM)
PNK reaction buffer (10×) from NEB
Stored at -20°C in 0.5 ml aliquots (used at
1×)
Tris-HCl (350 mM, pH 7.6), MgCl2 (50 mM), DTT (25 mM)
SDS gel-destaining solution (1×)
Stored at RT as 1 l solution
Methanol (45% (v/v)), acetic acid (10% (v/v))
SDS gel-loading buffer (2×)
Stored at RT as 500 ml solution (used at 1×)
Tris-HCl (100 mM, pH 6.8), SDS (4% (w/v)), BPblue (0.2% (v/v), glycerol (20% (v/v)) DTT (200 mM)
SDS gel-staining solution (1×)
Filtered and stored at RT as 1 l solution
Coomassie brilliant blue R-250 (0.25%(w/v)), methanol (45% (v/v)), acetic acid (10% (v/v))
SDS running buffer (5×)
Stored at RT as 1 l solution (used at 1×)
Tris-base (125 mM), glycine (1.25 M, pH 8.3), SDS (0.5% (w/v))
SOC growth media
Stored at RT as 500 ml solution
Tryptone (20g/l), yeast extract (5g/l), NaCl (0.5g/l), KCl (2.5mM), MgCl2 (10mM), pH 7, glucose
(20mM)
SOC agar plates
Stored at 4°C, wrapped to prevent
contamination
Exactly as for SOC growth media, plus bacto-agar (15 g/l)
TAE buffer (50×) for agarose gels
Stored at RT as 1 l solution (used at 1×)
Tris-acetate (2 M), EDTA (50 mM)
TBE buffer (5×) for native polyacrylamide gels
Stored at RT as 1 l solution (used at 1×)
Tris-borate (450 mM), EDTA (10 mM)
TBE-urea buffer (5×) for denaturing polyacrylamide gels Stored at RT as 1 l solution (used at 1×)
Tris-borate (450 mM), EDTA (10 mM), 50% (w/v) urea
TE solution (1×) for dissolving DNA
Stored at RT in 20 ml aliquots
Tris-HCl (10 mM, pH 7.5), EDTA (0.1 mM)
Transformation solution I
Stored at 4°C as 500 ml solution
MgCl2 (80 mM), CaCl2 (20 mM)
Transformation solution II
Stored at 4°C as 500 ml solution
MgCl2 (1 mM),CaCl2 (100 mM)
Vent Polymerase reaction buffer (10×) from NEB
Stored at -20°C in 0.5 ml aliquots (used at
1×)
Tris-HCl (200mM, pH 8.8), KCl (100mM), NH4SO4 (100mM), MgSO4 (20mM), Triton X-100 (1%
(w/v))
Table 2.2. Multicomponent solutions used in this work, including concentrations, storage conditions and
volumes.

2.4 Plasmids used in this work
A total of 12 plasmids were used in this work and all were based on short oligoduplex
sequences previously cloned into pUC19 by Dr Darren Gowers (Gowers et al, 2005).
The construction of these plasmids from pUC19 is shown schematically in Figure 2.1
(next page) along with the plasmid names: pL1, pL2, pL4/5, pL6/7, pL8/9, pL10/11 and
pL12/13 (plasmid for Ligase studies). The cloned oligoduplex sequence(s) contained a
recognition site for the heterodimeric restriction enzyme BbvCI. This site is shown
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5'-AATTTGCATCCTCAGCTGACT
3'ACGTAGGAGTCGACTGATTAA

1

7

2
3

4

5

6

Figure 2.1 Plasmids used in this work.
Step 1: Into the multiple cloning site (MCS, inner purple arc) of pUC19 was cloned a 21 bp oligoduplex
(shown in blue) at the EcoRI site, to make plasmid pL1. The introduced sequence contained a single
BbvCI recognition sequence ( black box within the blue oligoduplex).
Steps 2-7: pL1 was used to make 11 further derivatives by cloning a second BbvCI site into pL1,
downstream of the first site at either SfaNI (pL2), SacI (pL4/5), KpnI (pL6/7), SmaI (pL8/9), BamHI
(pL10/11), or HindIII (p12/13). In the even-numbered pL plasmids, the 2 BbvCI sites are in a directlyrepeated (head-to-tail) arrangement so that the two introduced nicks are always in the same strand. In the
odd-numbered pL plasmids the 2 BbvCI sites are in an inverted-repeat (head-to-head) arrangement. Only
the even-numbered pL plasmids are shown above, for clarity. pL-series plasmids were provided by Dr D
Gowers.
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below (and later in more detail in Figure 2.8), with arrows indicating the scissile bond in
the upper and lower strand:

5'-CCTCAGC-3'
3'-GGAGTCG-5'

The reason for use of the BbvCI recognition sequence (rather than a standard Type II
restriction enzyme sequence for enzymes such as EcoRI or HindIII), was that two
different nicking forms of the BbvCI restriction enzyme were available. These nicking
enzymes cut only one of the two cleavable phosphodiester bonds in the heptanucleotide
recognition sequence. This allowed the production of singly-nicked (rather than doublycut) DNA from either plasmids, oligoduplexes or PCR products that contain one or two
copies of the BbvCI site for nick-ligation experiments with Ligase.

2.5 Microbiology techniques
Plasmid stocks were maintained by periodically (~every 8 months) transforming empty
E. coli HB101 with previously purified plasmid. Frozen glycerol stocks of these
transformants were then used as working stocks for growing 5 ml or 100 ml LB cultures
for purification.
Agar plates
Two types of agar medium were used for agar plates: Luria-Bertani (LB) and SOC agar
plates. SOC plates were used during bacterial transformations, and LB plates were used
for routine streaking of glycerol stocks to isolate single colonies for onward growth in 5
ml or 100 ml LB broth. In both cases, agar plates were made by melting 500 ml of fresh
SOC or LB agar (usually by placing in an autoclave to sterilise and melt) with the
optional addition of ampicillin to 50 µg/ml as required once the flask temperature fell to

26

<60°C. Plates (~30 ml) were poured and allowed to cool to room temperature before
storing inverted at 4°C.
Glycerol stocks
Bacterial stocks (with or without recombinant plasmids) were maintained by keeping
multiple frozen aliquots in glycerol at -70°C. These comprised 1.5 ml of bacterial
culture and 0.5 ml of 50% (v/v) sterile glycerol, mixed by gentle vortexing. These were
kept in screw-top 2 ml microfuge tubes at -70°C.
Competent cells
A single colony of E. coli HB101 (not containing recombinant plasmids) was picked
from an overnight LB agar plate (not containing ampicillin) and grown overnight in 5
ml LB growth media. A glycerol stock was made, then 0.5 ml broth was added to 100
ml of fresh LB growth media and shaken vigorously for 3 hr; the optical density (OD 600)
was usually about 0.3-0.4 units. Cells were spun down by centrifuging for 10 min at
3000 rpm and 4C. The supernatant was removed and the tube blotted upside down on
paper towels. The pellet was carefully resuspended in 30 ml of Transformation Solution
I and left for 10 min. Cells were collected by spinning for 10 min at 3000 rpm and 4C
and the supernatant again discarded. The pellet was finally resuspended in 2 ml ice-cold
Transformation Solution II, vortexed briefly and stored in 100 µl single-use aliquots at 70C.
Transformation of competent cells
Stocks of each plasmid (pL1 to pL13, at ~50 nM) were kindly donated to me by Dr
Darren Gowers (Portsmouth University) and Professor Stephen Halford (Bristol
University). An aliquot containing 40 ng (~1 µl) of each plasmid was added to 200 μl of
competent cells, vortexed briefly then chilled on ice for 30 min. Cells were heatshocked at 42°C for exactly 90 sec before immediately chilling on ice for 2 min. A
volume (800 μl) of SOC growth medium was added (to allow the expression of the
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beta-lactamase gene product) and transformed cells were incubated at 37°C for a further
45 min.
A volume of 150 µl of transformed cells were pipetted onto an agar SOC plate
containing 50 μg/ml ampicillin, spread with a flamed glass-spreader, allowed to 'dry' for
20 min and colonies grown inverted overnight at 37°C . A single colony from each plate
was picked using a sterile pipette tip and added to 5 ml LB growth media containing 50
μg/ml ampicillin. The bacterial culture was incubated overnight in a 37°C shaker at 200
rpm.
Plating of glycerol stocks
In cases where glycerol stocks were used directly for plasmid preparation, frozen
HB101 cultures (transformed with the required recombinant pL-series plasmid) from a 70°C freezer were scraped with a flamed loop and streaked cross-wise onto a fresh LB
plate. Colonies were grown inverted at 37°C overnight. A single colony from each plate
was picked using a sterile tip and added to 5 ml LB growth media containing 50 μg/ml
ampicillin. The bacterial culture was incubated overnight in a 37°C shaker at 200 rpm.

2.6 Preparation of plasmids
Two methods were used for obtaining pure plasmid stocks, and these are described in
brief in the next two sections. The first was for 5 ml cultures by alkaline-lysis, phenolextraction and ethanol-precipitation (Birnboim & Doly, 1979; Sambrook & Russell,
2001). The second was for 100 ml cultures (in which the 5 ml starter culture was used to
innoculate 100 ml of LB growth media) by a spin-column kit from Qiagen.
Plasmid miniprep method
The alkaline-lysis method was used for preparing plasmids from 5 ml LB cultures. Cells
(5 ml) were spun in a 20 ml conical falcon tube at 5000 rpm for 5 min and the liquid
media removed. The pellet was resuspended in 100 µl of alkaline lysis solution I using a
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P200 pipette to repeatedly disperse the pellet. This was transferred to a 1.5 ml
microfuge tube. A 200 µl aliquot of alkaline lysis solution II was added to lyse open the
bacteria by inverting the tube several times. A 150 µl aliquot of alkaline lysis solution
III was added to precipitate the cellular debris. The tube was spun at 13,000 rpm for 10
min in a cooled-rotor Eppendorf centrifuge, and the supernatant carefully decanted to a
fresh microfuge tube.
A 500 µl aliquot of phenol-chloroform (PCI) was added to denature enzymes and
other proteins by vortexing for 1 min. The sample was then spun at 13,000 rpm for 5
min to separate the phases, before removing the upper layer to a new tube. Plasmid
DNA was obtained by ethanol precipitation. A 1 ml aliquot of fridge-cold EtOH (100%
(v/v)) was added, mixed and DNA allowed to precipitate on ice for 10 min. The tube
was spun at full-speed again for 10 min at 4°C, with the hinge facing outward.
The supernatant was removed, without disturbing the DNA pellet. The DNA was
washed with 1 ml of cold 70% (v/v) EtOH, spun at full speed for 5 min and the
supernatant removed. The pellet was air-dried for 15 min, before resuspending in 100 µl
of TE buffer. The concentration and purity of the miniprep was checked by
spectrophotometry and agarose gel electrophoresis.
Plasmid Sequencing
At the beginning of the project, a 50 µl aliquot of each pL-series plasmid (at 10 nM)
was sent for sequencing (University of Dundee Sequencing Service), to confirm the
sequences and BbvCI intersite distances. The M13rev universal primer was used for
each sequencing reaction since the cloned BbvCI sites were all within the pUC19
polylinker site. The sequencing traces are shown in Figure 2.2. The M13rev primer
bound downstream of the multiple cloning site (MCS) to the upper (5'-CCTCAGC-)
strand, thus revealing the lower 5'-GCTGAGG- strand.
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As Figure 2.2 shows, the even-numbered plasmids with two BbvCI sites (pL2-12)
are labelled with an inter-site distance of 21,30, 36, 40, 45 or 75 bp apart respectively.
This distance was measured as the number of bases between the C-T dinucleotide step
in the first 5'-GCTGAGG- copy of the sequence and the equivalent C-T dinucleotide
step in the second 5'-GCTGAGG- copy of the sequence. The second site was in either a
directly repeated orientation (i.e. following head-to-tail in the same strand) for evennumbered pL plasmids as shown, or in an inverted orientation (i.e. facing head-to-head
but on opposite strands) for the odd-numbered pL plasmids (sequencing traces not
shown for clarity).
Plasmid midiprep method
A midiprep kit (Qiagen) was used for 100 ml cultures. In brief, cells were spun down in
50 ml conical falcon tubes at 5000 rpm for 5 min (Allegra 25R centrifuge, TS-5.1-500
rotor). Each pellet was resuspended in 2 ml of Buffer P1 (resuspension solution,
containing RNaseA) and recombined in one of the tubes to give a total of 4 ml. Buffer
P2 (4 ml) was added to lyse the cells, mixed gently and left for 5 min at RT. Buffer P3
(4 ml) was added to neutralise the solution and left on ice for 15 min. The sample was
spun against a balance tube at 4°C for 20 min at full speed. During this time a Qiagen
midiprep chromatography tip was set up and equilibrated with 4 ml of Buffer QBT,
which drained by gravity flow. The plasmid DNA sample was loaded into the centre of
tip and left to gravity drain for 5 min. The column was washed with 2×10 ml aliquots of
Buffer QC and left to drain each time. The DNA was eluted with 5 ml of Buffer QF into
a fresh falcon tube after leaving 5 min on the column. Plasmid DNA was precipitated by
adding 3.5 ml cold isopropanol and leaving for 10 min. The DNA was spun at fullspeed for 20 min and the supernatant removed after checking for a pellet. The pellet was
desalted by addition of 2 ml EtoH (70% (v/v)) and spun again at full-speed for 20 min.
The supernatant was removed and the tube left on its side for 30 min to air-dry.
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pUC19

pL1

21

pL2

30

pL4

36

pL6

40

pL8

45

pL10

pL12

75

Figure 2.2. Sequencing traces of plasmids pUC19, pL1, pL2, pL4, pL6, pL8, pL10 and pL12. BbvCI
sites are shown as left-facing blue-red arrows. The 'M13rev' sequencing primer revealed the lower strand
(5'-GCTGAGG-3') of each BbvCI site. Plasmid pUC19 has no BbvCI sites and pL1 contains one site.
Plasmids pL2-12 contain two BbvCI sites, and the inter-nick distance is shown in blue text above each
sequence. This is measured as bases between the GC dinucleotides in each site (i.e. where the BbvCI R1+
mutant cuts). The even-numbered pL series above produce two nicks in the same DNA strand, whereas
the equivalent odd-numbered pL plasmids (not shown for clarity) also have two nicks, but one in each
DNA strand.
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The DNA pellet was redissolved in 2 ml of TE buffer. The concentration and purity
of the miniprep was checked by spectrophotometry and agarose gel, examples of which
are given in Figure 2.3A. This shows a 1% agarose gel of the 13 plasmids used (pUC19
and the 12 pL-series plasmids), indicating supercoiled (SC) and open-circle (OC)
nicked DNA.
Spectrophotometry
The concentration of purified plasmids and PCR products were usually determined by
absorbance measurement in a Perkin Elmer Lambda-25 UV/vis spectrophotometer
using a 100 µl cuvette. The machine was first adjusted to 550 nm to determine that the
cuvette was set to the right height for the green light to penetrate the cuvette onto a
piece of white paper held behind. A 110 µl TE aliquot was then scanned from 220-250
nm to set a baseline, followed by addition of 10 µl plasmid prep or PCR (a 12-fold
dilution factor) to determine A260 and A280

values. Concentrations were determined by

using the relation that an A260 of 1.0 absorbance unit is equivalent to 50 µg/ml of mixedsequence DNA. The exact molecular weight of each plasmid was calculated from the
base

sequence

using

the

OligoCalc

website

(http://www.basic.northwestern.edu/biotools/oligocalc.html). The equation used was:
[DNA] in nM = A260×50×dilution factor / Mr × (1×103)
Plasmid and PCR concentrations were also determined using 3 µl samples on a
NanoDrop-1000 (Thermo Scientific Ltd) spectrophotometer, and these gave nearly
identical values (though in ng/µl) to the Lambda-25. Example plasmid traces from the
NanoDrop device are shown in Figure 2.3C, with the estimated concentration (in nM)
derived from plasmid molecular weights.
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A

B

OC
SC

C

pL2

53.9 nM

pL4

59.7 nM

pL6

55.9 nM

pL8

60.4 nM

pL10 60.5 nM

pL12 57.9 nM

Figure 2.3. Plasmid minipreps.
Panel A: A 1% (w/v) agarose gel showing all pL-series plasmids. From lanes 1-13, these were in the
order pUC19, pL1, pL2, pL4, pL5, pL6, pL7, pL8, pL9, pL10, pL11, pL12 and pL13. Each lane
contained ~300 ng plasmid; open-circle (OC, nicked) and negatively supercoiled (SC) plasmid are
indicated by arrows.
Panel B: Confirmation of expected PCR fragment lengths, using PCR primers 7&8. Lane 1 (100 bp
marker), Lane 2 (no-plasmid template control), Lane 3 (pUC19, 256 bp PCR, black arrow), Lane 4 (pL1,
277 bp PCR, grey arrow) and Lane 5 (pL12, 301 bp PCR, light-grey arrow). PCR as described in
Materials and Methods.
Panel C: Lab-book example of spectrophotometry traces for minipreps of pL2, pL4, pL6, pL8, pL10 and
pL12. A NanoDrop-1000 instrument was used to estimate ng/µl DNA concentration converted to nM
using plasmid molecular weights as per Materials and Methods.
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2.7 Oligonucleotides used in this work
Names and sequences
A total of 16 oligodeoxyribonucleotides were used in this work and these are listed
below in Table 2.3. They comprised 12 oligonucleotides used as PCR primers, and 4
oligonucleotides used to assemble an oligoduplex substrate for ligase experiments.
Oligos were usually ordered from MWG and purified by their ''HPSF' method
(deprotected and desalted). Oligonucleotides were ordered at the 0.2 µmol synthesis
scale and arrived as a dehydrated powder.
Oligo No.

Name

Length

Sequence (5'-3')

1
2

40-top
40-bot

40
40

5'-CGGCCAGTGAATTTGCATCCTCAGCTGACTAATTCGAGCT-3'
5'-AGCTCGAATTAGTCAGCTGAGGATGCAAATTCACTGGCCG-3'

3
4

42-top
42-bot

42
42

5'GGCCAGTGATATTTGCATCCTCAGCTTGACTAATTCGAGCTC-3’
5'GAGCTCGAATTAGTCAAGCTGAGGATGCAAATATCACTGGCC-3'

5
6

100-top
100-bot

22
21

5'-GGGTTTTCCCAGTCACGACGTT
5'-GGTCGACTCTAGAGGATCCCC

7
8

277-top
277-bot

20
20

5’-AGCTGGCGAAAGGGGGATGT
5’-CTCATTAGGCACCCCAGGCT

9
10

301-top
301-bot

21
27

5'-GCGCAACTGTTGGGAAGGGCG
5'-TTTATGCTTCCGGCTCGTATGTTGTGT

11
12

484-top
484-bot

31
33

5'-GCAGATATCACTGAGAGTGCACCATATGCGG
5'-GGCAGATATCGCAACGCAATTAATGTGAGTTAG

13
14

902-top
902-bot

29
23

5'-GACATTAACCTATAAAAATAGGCGTATCA
5'-CCTGGCCTTTTGCTGGCCTTTTG

15
16

2707-top 23
2707-bot 22

5'-TGGCCCCAGTGCTGCAATGATAC
5'-GATGGTAAGCCCTCCCGTATCG

Table 2.3. Oligonucleotides used in this work, with name and 5'-3' sequence. Oligos 1&2 and 3&4 formed
40 bp and 42 bp oligoduplexes respectively, with the BbvCI site underlined in each. Oligos 5-16 were
PCR primer pairs for use on the pL series of plasmids. Oligos 11&12 contained an EcoRV site
(underlined) which was cleaved after PCR (between the T-A dinucleotide) with EcoRV to ensure bluntended PCR products.

The tubes were spun at 13,000 rpm for 1 min (Eppindorf 5415R centrifuge, F45-24-11
rotor) to collect the dry DNA pellet, before using the accompanying datasheet to
resuspend in DW to approximately 100 µM (100 pmol/µl). The exact concentration was
always then determined by spectrophotometry using a PE Lambda-25 instrument and
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oligos were adjusted to exactly 50 µM with DW. Generally the 50 µM stock was split
into smaller aliquots of 50 µl for storage at -20°C.
Radiolabelling of oligonucleotides
Throughout the project, digital autoradiography of 33P-labelled DNA was used to detect
and quantitate reaction substrates and products. In many cases, one or both primers for
oligoduplex formation or PCR were labelled at the 5'-terminus with a
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P-label, using

the exchange reaction of polynucleotide kinase (PNK). Components of a typical endlabelling reaction are given in they order they were added in Table 2.4 below. Labelling
was carried out for 30 min at 37°C in a hotblock, then the PNK heat-inactivated at 70°C
for 10 min.
Component

Stock concentration

Final concentration

Volume added (µl)

Distilled water
PNK buffer
Oligonucleotide
[γ-33P] ATP
PNK enzyme

10×
50 µM
0.37 MBq/µl
10 U/µl

1×
10 µM
3.7 MBq added
20 U added

7
2
4
5
2
20 µl total

Table 2.4. Typical oligonucleotide 5'-labelling reaction.

Labelled and unlabelled oligos were purified from PNK, free ATP and free ADP using
microspin columns (Bio-Spin P30 columns, Bio-Rad). These contained polyacrylamide
for size-exclusion chromatography. Each column came pre-hydrated with Tris-HCl (10
mM, pH 7.4) and this was removed by centrifugation at 4,000 rpm for 1 min prior to the
labelling reaction. A small volume of DW (45 µl) was added to the labelling reaction
after the heat denaturation step, taking the volume to 65 µl, to allow for some volume
loss during centrifugation. The column was placed on a fresh microfuge tube, the
sample was added to the centre of the column and spun at 4,000 rpm for 5 min. The
labelling efficiency does not significantly matter for the experiments, but was assumed
to be around 50% incorporation of label, with a volume of about 40 µl recovered.
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After the first experiments, it was decide to routinely gel-purify labelled primers for
oligoduplex or PCR on 10% (w/v) denaturing polyacrylamide gels. In brief, 20 µl
labelling reactions were added to 10 µl of STOP gel-loading dye. Samples were gelpurified, bands excised and oligos recovered by ethanol precipitation; this is described
later in section 2.16 (denaturing polyacrylamide gel electrophoresis). The concentration
of labelled oligo (in µM) was determined using 3 µl samples on a NanoDrop-1000
spectrophotometer. The recovered oligo concentrations were usually between 6-8 µM.
Radiolabelling of 1 kb DNA ladder
A maker lane was prepared by end-labelling the DNA fragments of a low molecular
weight (<1 kb) DNA marker (NEB), using the same method as for labelling
oligonucleotides (above). When denatured, these gave single-stranded DNAs of 766,
500, 350, 300, 250, 200, 150, 100, 75, 50 and 25 bases.

2.8 Preparation of oligoduplex DNA
Initial studies (Chapter 3) looked at the effect of various nucleotide cofactors and their
order of addition on DNA ligase kinetics. These used a 40- or 42-bp oligoduplex
containing a nick in the single centrally-located BbvCI site. The two oligo pairs used are
shown in Table 2.3 above, and in their oligoduplex forms in Figure 2.4 (page after
next). Each annealing reaction with gel-purified oligos was set up as follows (Table 2.5
below):
Component

Stock concentration

Final concentration

Volume added (µl)

DW
BbvCI buffer
Top oligo (+/- label)
Bot oligo (+/- label)

10×
6 µM average
6 µM average

1×
1.0 µM
1.0 µM

29
5
8
8
50 µl total

Table 2.5. Components for oligoduplex formation.

36

These components were mixed in a 50 µl reaction and the tube placed in a 2 l beaker of
boiling water that cooled slowly to room temperature over 3 hr. Early experiments led
to a second gel-purification step being introduced at this stage to purify the intact
duplex. A 5% (w/v) nondenaturing polyacrylamide gel was used (see later in section
2.15). The bands were cut out using a razor blade and the dsDNA eluted overnight from
the gel slice in 200 µl TE. The DNA was recovered by ethanol precipitation, air-dried
and resuspended in 100 µl TE. The concentration of labelled duplex (in nM) was
determined using 3 µl samples on a NanoDrop-1000 (Thermo Scientific Ltd)
spectrophotometer. The recovered oligoduplex concentrations were usually between
200-400 nM. This substrate was then prepared for DNA ligase experiments by
introducing a nick using one of the BbvCI nicking enzymes.

2.9 Preparation of PCR substrates
PCR reactions
Studies in Chapters 3, 4 and 5 used several lengths of PCR products to look at the effect
of length and processivity on DNA ligase kinetics. These used PCR products of lengths
100, 301, 468, 471, 601, 625, 902 and 2707 bp containing one or two nicks at the BbvCI
site(s). The primer pairs used oligos 5-16 (Table 2.3) and are shown in their PCR forms
in Figure 2.4 below. Typical PCR reactions (50 µl) were prepared according to either of
the two methods in Table 2.6 (page after next). These show how reactions were set up
using either (i) radiolabelled primers (see earlier) or by (ii) incorporating hot dATP
directly during polymerase chain extension. In both types of PCR, the common reagents
were the template DNA (one of the pL-series plasmids), Vent polymerase (a highfidelity 3'-5' proofreading thermophilic DNA polymerase,

from NEB) and

deoxynucleotides (dATP, dTTP, dGTP and dCTP from NEB). Primers were as listed in
Table 2.3, and these were often radiolabelled at their 5-end to produce PCR products
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A
DNA length (bp)

Oligonucleotides

40

40-top
40-bot

5'-CGGCCAGTGAATTTGCATCCTCAGCTGACTAATTCGAGCT-3'
3'-GCCGGTCACTTAAACGTAGGAGTCGACTGATTAAGCTCGA-5'

42

42-top
42-bot

5'-CGGCCAGTGAATTTGCATCCTCAGCTGACTAATTCGAGCT-3'
3'-GCCGGTCACTTAAACGTAGGAGTCGACTGATTAAGCTCGA-5'

B
40 (as above)

|

100 (from pL1)

100-top
100-bot

|

301 (from pL1)

301-top
301-bot

|

601 (from pL1)

902-top
301-bot

902 (from pL1)

902-top
902-bot

|

2707 (from pL1)

2707-top
2707-bot

|

|

C
468 (from pL2)

||

471 (from pL4)

||

471 (from pL6)
471 (from pL8)

| |
484-top
484-bot

| |

471 (from pL10)

|

471 (from pL12)
625 (from pL10)
625 (from pL12)

|

|
902-top
301-bot

|
|

|

|
|

Figure 2.4. Overview of DNA fragments used.
Panel A: Oligoduplex substrates (40 and 42 bp) for cofactor studies, containing one BbvCI nick. Black
arrows indicate restriction site.
Panel B: Oligoduplex and PCR substrates made from pL1 (ranging from 100-2707 bp) for lengthdependency studies, containing one BbvCI nick. These are drawn to scale by length (200 bp/cm). The
thick horizontal line represents a linear double-stranded DNA, with a thin vertical line for where a single
nick is positioned after cutting with BbvCI R1+ enzyme.
Panel C: PCR substrates made from pL2-pL12 for processivity studies, containing two BbvCI nicks
separated by different distances; distances between nick sites are not drawn to scale.
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containing a 33P atom in one or both strands (Table 2.6 (i). Alternatively, some reactions
used 'cold' primers, but incorporation of [α-33P] dATP in which the labelled alpha
phosphate was incorporated in the DNA backbone at every adenine position (Table 2.6
(ii)); components of PCR reactions are given in they order they were added:
Component

Stock concentration

Final concentration

Volume added (µl)

1×
0.1 nM
0.5 mM
1.0 µM
1.0 µM
4 U added

19.5
5
5
2.5
8
8
2
50 µl total

1×
0.1 nM
0.5 mM
1.0 µM
1.0 µM
3.7 MBq added
4 U added

9.5
5
5
2.5
8
8
10
2
50 µl total

(i) PCR using radiolabelled primers:
DW
Vent polymerase buffer
pL plasmid
dNTPs
Primer 1 (± radiolabel)
Primer 2 (± radiolabel)
Vent polymerase

10×
1 nM dilution
10.0 mM
6 µM average
6 µM average
2 U/µl

(ii) PCR using radiolabelled dATP incorporation:
DW
Vent polymerase buffer 10×
pL plasmid
1 nM dilution
dNTPs
10.0 mM
Primer 1 (no radiolabel) 6 µM dilution
Primer 2 (no radiolabel) 6 µM dilution
[α-33P] dATP
0.37 MBq/µl
Vent polymerase
2 U/µl

Table 2.6. Recipes for PCR using (i) radiolabelled primers, or (ii) radiolabelled dATP incorporation.

PCR reactions were carried out in a Techne TC-312 thermocycler, using thin-wall 0.2
ml polypropylene tubes. The temperature profile for PCR reactions was the same in all
cases, since all oligonucleotide primers were ordered with sequence lengths designed to
give a Tm of about 62°C. Cycling conditions are listed in Table 2.7 below:
Step

Temp (°C)

Time (sec)

Purpose

1
2
3
4
5
6
7
8

40
40
95
95
65
72
72
4

120
hold
120
45
60
150
600 (10 min)
hold

preheat lid
add tubes
initial denaturation
denaturation
annealing
extension
final extension
prevent further
cycling

30 cycles

Table 2.7. PCR steps and temperature profile; runs took about 2.5 hr.
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PCR product purification
PCR products were initially purified from polymerase, free primers, deoxynucleotides
and buffer components by spin columns (PCR purification kit, Qiagen). These columns
used a silica membrane to adsorb nucleic acids >100 bp in size (PCR products and
plasmid template) in a pH-dependent manner.
In brief, each 50 µl PCR reaction was transferred to a fresh 1.5 ml microfuge tube
and 250 µl buffer PB (low pH) added. The sample was added to the centre of a
QIAquick column and spun over a collection tube for 1 min at 13000 rpm in a table top
centrifuge. The DNA adsorbs to the column membrane, so the flow-through was
discarded. Buffer PE (750 µl) was added to desalt the DNA, before spinning again for 1
min; the DNA remained in the membrane. Finally, 50 µl of buffer EB was added to
elute the DNA by increasing the pH to 8.5. The column was spun for 1 min on a fresh
tube, and the eluted PCR products (40-50 µl) collected. A sample of each was usually
run on a 1% (w/v) agarose gel to check the integrity of the PCR product (see Figure
2.3B for example PCR products using primers 277-top and -bot on pUC19, pL1 and
pL12.
However, as described later in Chapter 3, it was decided to routinely gel-purify PCR
products on 5% (w/v) native polyacrylamide gels. In brief, multiple 50 µl PCR reactions
were pooled (typically to 300 µl in TE), extracted by phenol-chloroform, ethanolprecipitated and the DNA pellet resuspended in 20 µl TE plus 10 µl of STEB gelloading dye. Samples were purified as described later in section 2.15 (native
polyacrylamide gel electrophoresis).
The concentration of PCR products was determined by spectrophotometry using 3 µl
samples on a NanoDrop-1000 spectrophotometer. The shorter PCR products (100-500
bp) were produced in greater molar abundance (typically >100 nM) than the longer PCR
products, so multiple PCRs for longer fragments were run before purifying.
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EcoRV digestion of 484 bp PCRs
In Chapter 5, a series of Ligase processivity experiments are described in which an extra
step of refinement was introduced. The PCR primers used (484-top and -bot) contained
an EcoRV site (5'-GATATC-), so that all the PCR fragments contained a doublestranded EcoRV site at each end. After the initial Qiagen PCR cleanup of PCR
components, the PCR products were subsequently cleaved with 50 Units of EcoRV
(which cut between the central T-A step of the GATATC sequence) for 1 hr at 37°C,
followed by another Qiagen PCR cleanup step. This gave definite flush-ended PCR
fragments (which were 13 bases shorter once cleaved) that could then be nicked.

2.10 Nicking reactions DNA substrates
The oligoduplex and PCR products were prepared for Ligase experiments by
introducing a nick within each copy of the BbvCI sequence that they contained (Fig 2.4
above). Components of a typical nicking reaction are shown below in Table 2.8:
Component

Stock concentration

Final concentration

Volume added (µl)

BbvCI buffer
Either:
PCR product
OR
Oligoduplex
BbvCI (R1- or R2-)

10×

1×

5

50 nM average

40 nM

40

300 nM average
5 µM fresh dilution

240 nM
500 nM

40
5
50 µl total

Table 2.8. Typical components for BbvCI nicking reactions on intact oligoduplex or PCR substrates.

Nicking reactions were incubated in a 37°C waterbath for 2 hr at a >2:1 enzyme:DNA
ratio to ensure the nicking reaction went to completion. However, the only way to
unambiguously purify singly-nicked (rather than any doubly-nicked) DNA was found to
be by native gel purification. A 5% (w/v) polyacrylamide gel was used (see later). The
bands corresponding to the nicked DNA (these looked like 'intact' fragments on a nondenaturing gel) were cut out using a razor blade and the DNA eluted from the gel slice
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in TE overnight. The DNA was recovered by ethanol precipitation, air-dried and
resuspended in 100 µl TE. The concentration of labelled duplex (in nM) was determined
using 3 µl samples on a NanoDrop-1000 spectrophotometer. The recovered oligo
concentrations were between 50-300 nM. This substrate was then ready for Ligase
reactions.

2.11 Preparation of enzymes
2.11.1 DNA ligase (LigA)
Early in these studies I spent a week in the laboratory of our collaborator Dr Richard
Bowater (University of East Anglia, Norwich) to express and purify a recombinant Histag form of LigA that had been cloned in his lab during a recent BBSRC grant. The
purity and high concentration of this protein preparation, coupled with the relatively
small amount used per experiment allowed single-use aliquots (stored at -70°C) to be
used throughout these studies with little apparent loss of activity over the 36-month
period. Figure 2.5 below shows an overview of the expression vector used (pET-16b,
Novagen), detail of the NdeI cloning site of the EcoLigA gene, and the 671 amino acid
sequence of Ligase. The expression clone was named pRB20, and was made in the
Bowater laboratory by in-frame cloning of a 2016 bp PCR fragment consisting of the
LigA gene sequence plus a UGA stop codon into the NdeI site of pET-16b (see
Appendix I for DNA sequence used).
An overview of the expression and purification steps used to isolate pure His-tag
Ligase are given in Figure 2.6A (page after next). For expression and protein
purification, ~100 ng of the plasmid pRB20 was transformed into BL21 (DE3) [pLysS]
E. coli cells (Stratagene), plated on LB agar and a single colony grown on in 500 ml of
2×YT media to an OD600 ~0.6 at 37°C. The cells were induced with 0.5 mM IPTG for 5
hrs at 30°C, before harvesting at 5000 rpm for 15 min at 4°C. The cell pellet (~1 g wet
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A

B

C
N-terminalMGHHHHHHHHHHSSGHIEGRHMESIEQQLTELRTTLRHHEYLYHVMDAPEIPDAEYDRLMREL
RELETKHPELITPDSPTQRVGAAPLAAFSQIRHEVPMLSLDNVFDEESFLAFNKRVQDRLKNN
EKVTWCCELKLDGLAVSILYENGVLVSAATRGDGTTGEDITSNVRTIRAIPLKLHGENIPARL
EVRGEVFLPQAGFEKINEDARRTGGKVFANPRNAAAGSLRQLDPRITAKRPLTFFCYGVGVLE
GGELPDTHLGRLLQFKKWGLPVSDRVTLCESAEEVLAFYHKVEEDRPTLGFDIDGVVIKVNSL
AQQEQLGFVARAPRWAVAFKFPAQEQMTFVRDVEFQVGRTGAITPVARLEPVHVAGVLVSNAT
LHNADEIERLGLRIGDKVVIRRAGDVIPQVVNVVLSERPEDTREVVFPTHCPVCGSDVERVEG
EAVARCTGGLICGAQRKESLKHFVSRRAMDVDGMGDKIIDQLVEKEYVHTPADLFKLTAGKLT
GLERMGPKSAQNVVNALEKAKETTFARFLYALGIREVGEATAAGLAAYFGTLEALEAASIEEL
QKVPDVGIVVASHVHNFFAEESNRNVISELLAEGVHWPAPIVINAEEIDSPFAGKTVVLTGSL
SQMSRDDAKARLVELGAKVAGSVSKKTDLVIAGEAAGSKLAKAQELGIEVIDEAEMLRLLGS

Figure 2.5. E.coli DNA Ligase expression clone (kindly provided by Dr Richard Bowater, UEA).
Panel A: The 5.7 kDa expression vector pET-16b, with the multiple cloning site shown as a black arrow.
Panel B: The pET-16b cloning region. Red box - decahistidine tag region; blue box - Factor Xa cleavage
site. Green box - a 2016 bp PCR fragment containing the full-length LigA gene sequence plus UGA stop
codon (GenBank accession number AAN81395, see Appendix I) was cloned into the NdeI site. This
expression construct was named pRB20 and was made in the Bowater laboratory.
Panel C: The expressed amino acid sequence. Ten histidine residues were incorporated at the N-terminal
of the protein (red). A Factor Xa cleavage site is present (blue), though initial cleavage studies did not
release the His-tag effectively (data not shown). The starting methionine of the 671 amino acid Ligase
sequence (underlined green) is shown. The Mr of the His-tag sequence is 76,122 g/mol (76 kDa), with an
estimated extinction coefficient () of 35,240 M-1cm-1.
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A
Growth

Harvest and sonicate

Prepare His-Bind column (5 mM imidazole)

Load His-Bind column with cell lysate

Wash His-Bind column (60 mM imidazole)

Elute His-Bind columns (1 M imidazole)

Buffer exchange to remove imidazole (PD10 column)

Gel filtration (Superdex-75 on AKTA Prime).

B

C
1 2 3 4 5 6 7

D
1

2 3 4

5

Figure 2.6. E.coli LigaseA purification.
Panel A: Stepwise strategy used for purifying His-tagged Ligase from over-expression in E.coli BL21
DE3 cells. These include sonication, His-tag capture on a Ni2+ column, elution, desalting and gelfiltration.
Panel B: Initial SDS gel analysis of Ligase purification after His-Bind column chromatography. Lane 1
(10-175 kDa marker), Lane 2 (crude lysate), Lane 3 (60 mM imidazole wash step), Lanes 4&5 (empty),
Lanes 6&7 (10 µl and 6 µl samples from 1 M imidazole elution step). Black arrow shows 74 kDa Ligase
band.
Panel C: Subsequent Sephadex-75 gel-filtration column trace (blue line) from AKTA chart-recorder.
Three aliquots of 1 ml were collected from the main (not shoulder) peak; only the middle fraction was
used.
Panel D: SDS gel showing the purified 76 kDa monomeric DNA Ligase (black arrow). Lane 1 (10-150
kDa marker), Lanes 2, 3 and 4 (1.0, 0.5 and 0.25 µg samples of the middle peak fraction from Panel C),
Lane 5 (2 µg sample prior to gel-filtration).
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weight) was resuspended in 10 ml of 1×PBS, 1 mM DTT, 1 mM benzamidine, and 0.1
mM PMSF and lysed by sonication (40% amplitude at 10°C discontinuously over 20
min). The resulting sonicate was clarified by centrifugation at 50000×g for 1 hr at 4°C
and the supernatant (about 6.5 ml containing soluble proteins, including Ligase)
collected.
A His-Bind kit (Novagen) was used for the initial (gravity-drained) capture of soluble
Ligase under native (non-denaturing) conditions, as per the kit instructions. In brief,
5×1.25 ml His-Bind columns were each equilibrated with 3 complete washes of 10 ml
His-tag binding buffer (included 5 mM imidazole) before 1 ml of cell sonicate was
added to each. Each column was washed with 10 ml His-tag wash buffer (containing 60
mM imidazole) to remove weakly-bound contaminants (and some Ligase). The Ligase
was eluted with 5 ml of His-tag elute buffer (contained 1 M imidazole), and the eluates
of all 5 columns combined.
Imidazole was removed from the preparation by passing the Ligase down a gravitydrained PD-10 gel-filtration column that contained Sephadex G-25 (GE Healthcare). In
brief, the sample (about 4.5 ml) was added to a PD-10 column that was pre-equilibrated
in 1×Ligase storage buffer. The protein concentration was 66 µM at this stage. Aliquots
were run on an SDS gel (see method below) to determine the effectiveness of protein
capture and desalting (Figure 2.6B above).
The sample was then injected onto a HPLC Superdex-75 size-exclusion column (GE
Healthcare) at 0.5 ml/min in Ligase storage buffer. Aliquots (1 ml) were collected and
analysed to determine protein concentration (Figure 2.6C and D above). The extinction
coefficient was calculated from the 692 amino acid sequence using the ProteinCalc
website

(http://www.basic.northwestern.edu/biotools/proteincalc.html);

this

was

calculated to be Є = 35,240 M-1cm-1. Eluted protein concentration at 21.9 µM, and the
preparation was divided into multiple aliquots of 0.5 ml for storage at -70°C.
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SDS-PAGE of Ligase preparation
SDS-containing polyacrylamide gels were used to determine the purity of the
monomeric LigA protein (Figure 2.6 above). Glass plates, spacers and combs of a BioRad miniprotean gel kit were cleaned using DW and EtOH before assembly. A 10%
(v/v) resolving gel was prepared as per Table 2.9 below and poured into the gel former
to 1 cm below the depth of the inserted comb. A few drops of butanol were added to
prevent oxygen from diffusing into gel. Once set (~30 min), the butanol was removed
and the exposed resolving gel top was washed with DW. A 5% (v/v) stacking gel was
prepared and poured on top of the resolving gel and a 10-well comb added. Once set,
the gel cassette was assembled on the gel tank and SDS running buffer (1×) added to
both chambers. The comb was removed and the wells cleaned using running buffer.
Protein samples (7 µl) were prepared by adding them to 7 µl SDS gel-loading buffer
(2×). Samples were denatured at 90°C for 3 min and loaded onto the gel. Gels were run
at 80 V (i.e. 8 V/cm) until the dye reached the resolving gel, then increased to 150 V
(i.e. 15 V/cm) until the dye neared the bottom of the gel. To visualise proteins, the gel
cassette was opened and immersed in SDS gel-staining solution (1×) for 2 hr on a
rocking platform, then immersed in SDS gel-destaining solution (1×) for 2 hr until
bands were visible.
Component

Stock concentration

Final concentration

Volume added (ml)

(i) Resolving gel (10% (v/v)):
DW
Acrylamide (29:1)
30% (w/v)
Tris-HCl, pH 8.8
1.5 M
SDS
10% (w/v)
AMPS
20% (w/v)
TEMED
98% (w/v)

10% (w/v)
375 mM
0.1% (w/v)
0.2% (w/v)
0.04% (w/v)

(50 ml total)
20.0
16.5
12.5
0.5
0.5
20 µl

(ii) Stacking gel (5% (v/v)):
DW
Acrylamide (29:1)
30% (w/v)
Tris-HCl, pH 6.8
1.0 M
SDS
10% (w/v)
AMPS
20% (w/v)
TEMED
98% (w/v)

5% (w/v)
125 mM
0.1% (w/v)
0.2% (w/v)
0.04% (w/v)

(10 ml total0
6.8
1.7
1.3
0.1
0.1
4 µl

Table 2.9. Recipes for SDS-PAGE components.
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Functional test of Ligase preparation
The details of typical timecourses and denaturing gel methods are provided later, but
soon after the Ligase prep, it was tested for activity against a previous Ligase
preparation from the Bowater laboratory. Figure 2.7 below shows that the activity of
the new preparation was similar to the control preparation over the course of a 3 hr
reaction in Ligase reaction buffer at 37°C. The initial rates were calculated for
comparative Ligase preparation 0.307 nM/min, after buffer exchange 0.411 nM/min,
and after gel filtration 3.82 nM/min The DNA used was a 625 bp doubly-nicked PCR
substrate made by using primers 902-top and 301-bot on pL10. The scheme shown in
Figure 2.7B shows the length of the various starting, intermediate and final strand
lengths; this is explained in the results chapters in more detail.
2.11.2 Beta-sliding clamp protein
Purified beta-sliding clamp was a very kind gift from Prof. Mike O'Donnell (HHMI,
Rockefeller University, NY). It arrived on dry-ice as one aliquot of 100 µl at 5.2 mg/ml
in 1×clamp-loader storage buffer. With a Mr of 40.6 kDa per subunit, this dimeric
protein was therefore at 64.04 µM stock, and was split into twenty aliquots of 5 µl for
storage at -70°C. When making dilutions of a stock aliquot for experiments, 1×clamploader dilution buffer was used.
2.11.3 Gamma clamp-loader complex
Purified gamma clamp-loader complex (γ complex) was also a kind gift from Prof.
Mike O'Donnell (HHMI, Rockefeller University, NY). It arrived on dry-ice as three
separate aliquots of 50 µl, each at 5.3 mg/ml in 1×clamp-loader storage buffer. With a
Mr of 200 kDa for this heteropentamer (2×tau, 1×gamma, 1×delta and 1×delta' subunit),
the complex was therefore at 26.5 µM stock, and was split into thirty aliquots of 5 µl for
storage at -70°C. When making dilutions of a stock aliquot for experiments, 1×clamploader dilution buffer was used.
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A
Comparative
Ligase prep

454 (A)

After Bufferexchange

After Gelfiltration

625 (ABC)
499 (AB)

171 (BC)

126 (C)

45 (B)

B

Figure 2.7. Functional assay of Ligase protein prep.
Panel A: A visual assessment of Ligase activity was made by comparing the fresh prep to a previous prep
from the Bowater laboratory, UEA. Three identical timecourses were run (0,0.5,5,15,30,180 min in lanes
1-6, 7-12 and 13-18) on an 8% (w/v) denaturing polyacrylamide gel: left third of gel (0.2 nM of a
previous Ligase prep from Bowater laboratory), middle third of gel (0.2 nM fresh His-Tag ligase prep
after buffer exchange), right-third of gel (0.2 nM fresh His-Tag Ligase prep after buffer exchange and
gel-filtration). Reactions were in Ligase buffer at 37°C, with 5 nM doubly-nicked DNA (a 625 bp PCR
from plasmid pL10 using oligos 13&10, with two nicks introduced by BbvCI R1+). The Ligase prep
(Lanes 13-18) is functional by this assay.
Panel B: Nick sealing scheme, in which the doubly-nicked 'bottom' strand (the intact top strand is not
shown for clarity) is re-ligated by Ligase by first sealing one nick (to give either AB or BC intermediates)
and then sealing the remaining nick to give an intact ABC strand. The sizes (in bases) and fragment
names (A, B, C etc) are given on the gel in Panel A on the left- and right-hand side (and similarly used
through the thesis).

48

2.11.4 BbvCI enzymes
Two purified forms of the BbvCI restriction enzyme (Mr of 64053) were used, and these
were a very kind gift from Dr Geoffrey Wilson (New England Biolabs, Ipswich, MA).
Both these enzymes were mutants of the heterodimeric BbvCI enzyme. As shown in Fig
2.8 below, wildtype BbvCI has two functional subunits, named R1 and R2. The R1
subunit cleaves between the C-T dinucleotide in the 'bottom' strand 5'-GCTGAGG-3',
whilst the R2 subunit cleaves between the C-T dinucleotide step in the top strand 5'CCTCAGC-3'.

In terms of naming convention in this work, only the subunit that is

active is named. Thus the wildtype enzyme is R1+R2+ since both subunits are active and
a double-strand break would result. The two mutants used were an R2 + mutant (hence
the R1 subunit was inactive) which was able to cleave only the top (R2) strand, and an
R1+ mutant (hence the R2 subunit was inactive) which was able to cleave only the
bottom (R1) strand. These enzymes were initially bought from NEB, but fresh stocks
(600 µM) of each were very kindly donated to me by Dr Geoffrey Wilson at NEB in
collaboration with Dr Darren Gowers. It was decided to use the R1+ form of BbvCI (i.e.
the BbvCI version that cuts the bottom strand) for experiments in this thesis.

2.12 Cofactor experiments
The initial series of studies with DNA ligase investigated the effectiveness of various
nucleotide cofactors in donating an adenosine mono phosphate (AMP) group, and the
order in which the reaction occurred. For this, a 40 bp and 42 bp oligoduplex was used.
The bottom strand of the duplex was radiolabelled (oligos 2 and 4 in Table 2.3) and a
nick then placed in that strand from the BbvCI R1 + enzyme. On a denaturing gel (see
later), this gave a labelled 18mer or 19mer single strand that, upon ligation increased in
length back to 40 or 42 bases respectively, providing a simple signal with which to
monitor the reaction
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A

B

32 kDa

C
Wildtype

Nicking enzyme

Nicking

Name used in thesis

R1+R2+

R1+

R2+

NEB catalogue name

BbvCI

Nb.BbvCI

Nt.BbvCI

Mutation

none

E177G in R2

K169E in R1

R1 subunit activity

enabled

enabled

disabled

R2 subunit activity

enabled

disabled

enabled

Strand(s) cut (top/bot)

top and bot

bot only

top only

enzyme

Figure 2.8. BbvCI nicking restriction enzyme.
Panel A: SDS gel showing comparative size of BbvCI subunits to Ligase. Lane 1 (10-175 kDa marker),
Lane 2 (BbvCI wildtype), Lane 3 (BbvCI R2+), Lane 4 (BbvCI R1+), Lanes 5&6 (1.0 and 0.5 ug purified
Ligase; note overloading from BbvCI lanes), Lanes 7&8 (empty), Lane 9 (Ligase mutant, not used in
thesis, with a small section of the N-terminus deleted; gift from Richard Bowater).
Panel B: Overview of the heterodimeric restriction enzyme BbvCI. The two different subunits, R2 and
R1, are specific to the top and bottom strands of the target site (indicated by different shaded shapes),
giving a notional 'direction' to the recognised sequence (indicated by right-facing arrow). R2 cuts after the
5'-CC dinucleotide in the top strand (dotted arrow) and R1 cuts after the 5'-GC dinucleotide in the bottom
strand. R2 has a Mr of 32.6 kDa and R1 a Mr of 31.4 kDa.
Panel C: Further details of each BbvCI enzyme, including name used, amino acid mutation and cut
strands; most nicking reactions in this study used the R1+ form of the enzyme.
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progress. For the cofactor studies, the reaction components were as follows (Table
2.10):
Component

Stock concentration

Final concentration

Volume added (µl)

DW
Ligase reaction buffer
Nicked 40mer
Either:
NAD+
NADH
NADP+
NADPH
ATP
DNA ligase

10×
200 nM dilution

1×
8 nM

82.8
10
4

2 mM
2 mM
2 mM
2 mM
2 mM
10 nM dilution

25 µM
25 µM
25 µM
25 µM
25 µM
0.2 nM

1.2
1.2
1.2
1.2
1.2
2
100 µl total

Table 2.10. Components of cofactor reactions.

A fresh ligase dilution was made each time, using ligase dilution buffer. Reactions (100
µl) were run at 37°C for 90 min, with 5 µl aliquots taken at regular timepoints to 5 µl
ligase denaturing buffer. Samples were run on a denaturing polyacrylamide gel, dried
and visualised by phosphorimaging (see later). For the order of addition studies, the
initial ligation rate at eight nicked DNA concentrations and six NAD + concentrations
was monitored, with reaction components as follows (Table 2.11):

Component

Stock concentration

Final concentration

Volume added (µl)

DW
Ligase reaction buffer
Nicked 40mer
NAD+
DNA ligase

10×
200 nM dilution
100 µM dilution
10 nM dilution

1×
1-50 nM
0.5-50 µM
0.2 nM

made up to 100
10
0.5-25
0.5-50
2
100 µl total

Table 2.11. Components of order of addition reactions.

The nicked DNA concentrations used were 1, 2, 4, 6, 8, 10, 20 and 50 nM, and the
NAD+ concentration range was 0.5, 1, 2, 10, 25 and 50 µM.. As earlier, a fresh ligase
dilution was made each time, using ligase dilution buffer. Reactions (100 µl) were run
at 37°C for 90 min, with 5 µl aliquots taken at regular timepoints to 5 µl ligase
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denaturing buffer. Samples were run on a denaturing polyacrylamide gel, dried and
visualised by phosphorimaging (see later).

2.13 Length-dependency experiments
These experiments used six substrates, with lengths of 40, 100, 301, 601, 902 and 2707
bp respectively. A single nick was introduced as before in the bottom (R1) strand of the
solitary BbvCI site. Substrates were either end-labelled or internally labelled to allow
the competition reactions to be monitored as before. For example with the 301 bp
nicked substrate, prior to any ligase reaction, the top (R2) strand was intact (301 bases),
and the bottom (R1) strand with the nick was about half that length (in this case 154 and
147 bases). When ligase sealed the nick, the bottom strand simply returned back to 301
bases. Competition timecourses were conducted to obtain initial rate data, according to
Table 2.12 below:
Component

Stock concentration

Final concentration

Volume added (µl)

DW
Ligase reaction buffer
Either:
40 bp oligoduplex
100 bp PCR
301 bp PCR
601 bp PCR
902 bp PCR
2707 bp PCR
NAD+
DNA ligase

10×

1×

74.3
10

20 nM dilution
20 nM dilution
20 nM dilution
20 nM dilution
20 nM dilution
20 nM dilution
2 mM
10 nM dilution

2.5 nM
2.5 nM
2.5 nM
2.5 nM
2.5 nM
2.5 nM
25 µM
0.2 nM

12.5
12.5
12.5
12.5
12.5
12.5
1.2
2
100 µl total

Table 2.12. Components of length dependency studies.

A fresh ligase dilution was made each time, using ligase dilution buffer. Reactions (100
µl) were run at 37°C for 90 min, with 5 µl aliquots taken at regular timepoints (0, 0.5, 1,
1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7, 8, 9, 10 and 60 min) to 5 µl ligase denaturing buffer.
Samples were run on a denaturing polyacrylamide gel, dried and visualised by
phosphorimaging (see later). A general scheme, showing how the PCR products in
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Chapters 3, 4 and 5 were purified and used in nick-sealing timecourses with DNA
Ligase, is given in Figure 2.9 (next page).

2.14 Processivity experiments
To determine whether ligase exhibited processivity along DNA, timecourse data was
collected on 471 bp or 625 bp PCR substrates each containing two nicks (see Figure
2.4) separated by a defined distance (ranging from 21-75 bases). PCR products from the
even-numbered pL-series plasmids were named 'dir' since the two nicks were in the
same strand (i.e. directly repeated), whereas those from the odd-numbered pL-series
were named 'inv' since the two nicks were in opposite strands (i.e. inverted repeats).
Reactions were conducted as per Table 2.13. A fresh ligase dilution was made each
time, using ligase dilution buffer. Reactions (100 µl) were run at 37°C for 90 min, with
5 µl aliquots taken at regular timepoints and added to 5 µl ligase denaturing buffer.
Samples were run on a denaturing polyacrylamide gel, dried and visualised by
phosphorimaging (see later).

Component

Stock concentration

DW
Ligase reaction buffer 10×
Doubly-nicked PCR substrate:
21dir
20 nM dilution
30dir
20 nM dilution
36dir
20 nM dilution
40dir
20 nM dilution
45dir
20 nM dilution
75dir
20 nM dilution
24inv
20 nM dilution
30inv
20 nM dilution
34inv
20 nM dilution
39inv
20 nM dilution
69inv
20 nM dilution
NAD+
2 mM
DNA ligase
10 nM dilution

Final concentration

Volume added (µl)

1×

61.8
10

5 nM
5 nM
5 nM
5 nM
5 nM
5 nM
5 nM
5 nM
5 nM
5 nM
5 nM
25 µM
0.2 nM

25
25
25
25
25
25
25
25
25
25
25
1.2
2
100 µl total

Table 2.13. Components of processivity studies. The dir and inv numerical notation is used to indicate the
length of DNA between the two nicks in each PCR substrate; for example 36dir has 36 bases between two
nicks that are in the same strand, whereas 34inv has two nicks that are 34 bases apart on opposite strands.
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A

B
Gel-purify labelled PCR primers
(denaturing PAGE, elution, EtOH ppt, spec)

PCR
(run PCR, Qiagen cleanup, EcoRV digest, cleanup)

Nick PCR product
(BbvCI nicking mutant (R1+), Qiagen cleanup, spec)

Gel-purify nicked PCR product
(non-denaturing PAGE, elution, EtOH ppt, spec)

Ligation experiments

Separate ligated products by denaturing PAGE

Dry and phosphorimage gels

Quantitate bands, curve-fitting of timecourse data

Figure 2.9. Typical scheme for preparation and use of singly- or doubly-nicked PCR products.
Panel A: Stepwise strategy used for most PCR reactions, involving gel-purification of labelled oligos and
nicked PCRs, interspersed with Qiagen or EtoH precipitation steps to remove enzymes. The strategy
varied slightly according to whether end-labelled PCR primers were used (as above) or whether 33P-dATP
was incorporated during PCR (in which case the primers were not first gel purified).
Panel B: The same route as Panel A, illustrated for a pL1 PCR product (therefore containing one nick)
with 5' 33P end-labelled primers (red). The example products 1-4 have different lengths depending on
where the BbvCI site (and thus the nick) is located, so can be individually separated and quantified on a
denaturing gel; not all DNA strands are seen: product 2 would not be seen since it lacks a 33P label for
example.
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2.14.1 Ligase - sliding clamp experiments
To determine whether ligase processivity on the doubly-nicked PCR substrates was
affected by the presence in the reaction of the replicative β-sliding clamp of E. coli, rate
data was obtained in a similar manner to that above in sections 2.11 and 2.12. As
described in section 2.9, the clamp loading γ-complex and β-sliding clamp were from
our collaborators in New York, and were serially diluted as appropriate for each
experiment with gamma clamp-loader dilution buffer.
The substrate used was the doubly-nicked 75dir PCR product. Once treated with
BbvCI R1+ enzyme, this produced a double-stranded substrate with 75 bases between
the two nicks in the same strand. Reactions, in which the concentration of β-sliding
clamp was increased against Ligase were inconclusive (data not shown). However,
reactions in which the concentration of γ-clamp loader were varied in the presence of a
fixed concentration of Ligase and β-clamp, were conducted as per Table 2.14 (below):
Component

Stock concentration

Final concentration

Volume added (µl)

DW
Ligase reaction buffer
75dir PCR
Beta clamp
Either:
γ-clamp loader
γ-clamp loader
γ-clamp loader
γ-clamp loader
NAD+
ATP
DNA ligase

10×
20 nM dilution
50 nM dilution

1×
5 nM
5 nM

40.6
10
25
10

2 nM dilution
50 nM dilution
200 nM dilution
2 µM dilution
2 mM
2 mM
10 nM dilution

0.2 nM
5.0 nM
20 nM
200 nM
25 µM
25 µM
0.2 nM

10
10
10
10
1.2
1.2
2
100 µl total

Table 2.14. Components of sliding clamp studies.

2.15 Agarose gel electrophoresis
Agarose gel electrophoresis was used to routinely determine the purity of plasmids and
PCR molecules (for example, Figure 2.3A and B). A typical 1% (w/v) agarose gel was
prepared by adding 150 ml of 1×TAE to 1.5 g agarose, melting the slurry in a
microwave oven for several minutes and adding 50 µg/ml ethidium bromide once the
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temperature had fallen to about 60°C. Gels were poured as a horizontal slab with a 20well comb and allowed to set for an hour. Gels were submerged in 1×TAE running
buffer containing 50 µg/ml ethidium bromide and DNA samples (~ 20 µl) loaded into
each well. Gels were run at 100 V (10 V/cm) until the bromophenol blue migrated twothirds down the gel (~90 min). Gels were imaged on a UV transilluminator or
Phosphorimager in fluorescence mode.

2.16 Native polyacrylamide gel electrophoresis
Non-denaturing polyacrylamide gels (5-10% w/v) were used for purification of
radioactively labelled intact oligoduplex or PCR products and to subsequently purify
nicked forms of these DNA substrates after digesting with BbvCI (and occasionally
with EcoRV prior to BbvCI nicking). A vertical PAGE kit was used (Protean II xi cell,
Bio-Rad), with 1 mm spacers; glass plates, combs and spacers were kept regularly
washed with DW and degreased with EtOH. A typical 6% (w/v) polyacrylamide gel
was prepared according to Table 2.15 below:
Component

Stock concentration

Final concentration

Volume added (ml)

DW
Acrylamide-bis (29:1)
TBE
AMPS
TEMED

30% (w/v)
10×
20% (w/v)
98% (w/v)

6% (w/v)
1×
0.2% (w/v)
0.04% (w/v)

34.5
10.0
5.0
0.5
20 µl
50 ml total

Table 2.15. Recipe for native PAGE components.

Plates were assembled and laid horizontally so that freshly prepared polyacrylamide gel
mix could be syringed into the base of the gel former. The comb was added, ensuring
that there were no bubbles present within the gel and the gel allowed to polymerise for
~1 hr. The apparatus was then placed into the electrophoresis tank and 1×TBE running
buffer added to the top and bottom reservoirs. The comb was removed and the wells
were carefully cleaned with running buffer using a Pasteur pipette.
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In most cases, the gel was pre-electrophoresed for 1 hr at 10 mA before cleaning the
wells again. DNA samples (~6-30 µl) were loaded and the gel run for ~3 hr at 10 mA
(to ensure the gel did not get hot). In cases where fragments were being gel-purified,
the gel apparatus was laid horizontally and the back plate carefully removed. The front
plate containing the gel was covered in Saran wrap, placed into a cassette in close
contact with a freshly blanked storage-phosphor screen and exposed for ~30 min. The
screen was scanned in a phosphorimager (Fujifilm FLA-5000) to visualise the bands.
Image Gauge Software (Fuji) was used to measure the x-y coordinates (in mm) of the
desired gel slice (also identified with reference to a radiolabelled 1 kb ladder on each
gel). The DNA was carefully cut from the gel using a razor, placed into an Eppendorf
containing 1.5 ml of TE buffer and placed in a shaker at 200 rpm for >4 hr. DNA was
precipitated using ethanol as follows.
Ethanol precipitation
The volume of DNA in the TE was determined and 1 volume of 10 M ammonium
acetate was added, followed by 2 volumes of ice-cold 100% (v/v) EtOH. The solution
was mixed and placed on ice for 30 min.

Precipitated DNA was pelleted in an

Eppendorf cooled-rotor table top centrifuge for 20 min at 13,000 rpm. The supernatant
was removed and 1 ml ice-cold 70% (v/v) EtOH was added carefully so that the pellet
was not dislodged. DNA was spun again for 1 min and the EtOH removed. The pellet
was allowed to air dry for ~5 min and then resuspended in 50 µl TE. The DNA
concentration was determined using either a PE Lambda-25 or ND-1000
spectrophotometer.

2.17 Denaturing polyacrylamide gel electrophoresis
Denaturing urea polyacrylamide gels were used to visualise each strand of radioactively
labelled DNA during a ligase reaction. Gel apparatus was a 45 cm long SequiGEN GT
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electrophoresis system (Bio-Rad). A typical 6% (w/v) denaturing ('sequencing')
polyacrylamide gel was prepared according to Table 2.16 below:
Component

Stock concentration

Final concentration

Volume added (ml)

Urea diluent
Acrylamide-bis (29:1)
TBE-urea
AMPS
TEMED

50% (w/v)
30% (w/v)
5×
20% (w/v)
98% (w/v)

10% (w/v)
1×
0.2% (w/v)
0.04% (w/v)

16.7
10.0
0.5
20 µl
50 ml total

Table 2.16. Recipes for native PAGE components.

Gels (5-10% (w/v)) were prepared as above and injected into the base of the gel kit,
allowing to set for an hour. The gel was pre-electrophoresed for 45 min at 70 W until
the tank was at ~50°C (monitored by a temperature strip). The wells were washed again
and the DNA samples (~10 µl, heat denatured at 90°C for 3 min prior to loading)
loaded. The gel was run at 60 W for ~60 min. The back plate of the gel former was
carefully removed and 10% (v/v) fresh acetic acid was poured onto the gel to fix the
DNA bands; this was left for ~ 30 min. The gel was transferred to wet chromatography
paper (3MM), wrapped in Saran wrap and dried under vacuum at 80°C for 1 hr. The
dried gel was placed into a cassette in close contact with a freshly blanked storagephosphor screen and exposed overnight before scanning with a phosphorimager to
visualise the bands. ImageGauge software was used to quantify reactions.

2.18 Data analysis
To determine kinetic parameters from ligase reactions (rate constants, Vmax, Km and kcat)
scanned gels were first analysed using ImageGauge software (Fujifilm). Boxes were
drawn around bands of interest and background regions and these were quantified to
give a 'volume' count for each band (number of pixels × intensity of each pixel). Data
were transferred to Excel (Microsoft) for background subtraction, followed by lane-tolane corrections by dividing the individual band intensities by the total intensity of
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bands in a given lane. This fractional number (between 0 and 1) was multiplied by the
radiolabelled DNA concentration to obtain the nM value for each species measured.
In the case of PCR products in which alpha-P33 had been incorporated during PCR, a
correction factor was applied to account for the number of hot A's in each strand of the
possible reaction substrates and products. Initial rates of reaction, typically over the
first 10-15% of the reaction, were fit to linear lines of the form y=mx+c in Excel.
Corrected timecourse data were plotted and fit to a 1st-order single exponential rise or
decay using GraphPad Prism (v2.0). Michaelis-Menten (MM) and Lineweaver Burk
(LB) analysis was also carried out in Prism by fitting to the standard MM equation and
LB transformation.

2.19 Samples for preliminary SAXS analysis
After the majority of experimental work was completed, the opportunity to send some
Ligase and β-clamp for preliminary SAXS analysis was kindly offered by Dr John
McGeehan (Portsmouth Biophysics labs). The results are shown in Figure 6.1 later, but
the sample details were:
Protein

Volume sent

Concentration

Rg (radius of gyration) in nm

Ligase (His-tag)

100 µl

0.39 mg/ml

3.74

Ligase+β-clamp (1:1)

60 µl

1.1 mg/ml

5.56

Table 2.17. Preliminary data from SAXS at the ESRF, Grenoble. Courtesy of Dr J McGeehan, 12th Jan
2009.

Samples were dialysed extensively (against a buffer of 10 mM Tris-HCl at pH 7.5, 5
mM MgCl2, 10 µM NAD+ and 30 mM NaCl) on Millipore drop-dialysis filters before
sending, to give an accurate buffer blank. The results looked promising, since there was
a small difference in Rg values between free ligase and ligase-clamp samples and good
linearity of the initial data. Further biophysical characterisation for model-building
would seem to be worthwhile, but was not carried out in this work due to time
constraints.
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