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Recombineenng is a powerful tool used to manipulate or engineer DNA in vive,
which enables chromosomes and plasmids to be modified precisely and efficiently. It
is of critical importance for research into genome and proteome function, and greatly
facilitates metabolic engineering applications. The Lambda-Red (Bet and Exo) and
RecET proteins constitute the most efficient bacterial recombineering systems
characterized to date. However, they work only in £. coli or closely-related bacteria

{e.g. Salmonella spp.), which limits their widespread application.

The Lambda-Red and RecET recombineering systems can use PCR products (double
stranded DNA, dsDNA) or single stranded DNA (ssDNA, oligonucleotides) to create
precise point mutations (substitutions), gene deletions and insertions in chromosomal
or episomal DNA. The Exo/RecE exonuclease proteins digest dsSDNA and produce
long 3'-ssDNA tails. The Bet/RecT ssDNA annealing proteins bind to these
3'-ssDNA tails and promote their homologous recombination with complementary
ssDNA regions on the chromosome or episome.

Novel pairs of Bet/Exo recombineering proteins were identified in the
beta-proteobacterium Laribacter hongkongensis (LHK) and in the SXT genetic
element isolated from Vibrio cholerae. In this research, these new recombineering
proteins were functionally characterized using a variety of in vivo and in vitro
techniques. The SXT-Exo and LHK-Exo proteins were both found to be alkaline
exonucleases, with activities similar to those of Lambda-Exo. Both the SXT-Bet/Exo
and LHK-Bet/Exo protein pairs had dsDNA recombination activity within E. coli.
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The restriction enzymes and vector are most important to this traditional
restriction-ligation cloning technology. Restriction enzymes can recognize and cut
the dsDNA at specific DNA sequences, producing a set of smaller DNA fragments
for ligation. There are three types of DNA restriction enzymes: type [ enzymes cut
the DNA rlandomly and the cutting sites can be far away (>1000bps) from the
recognition site; type III enzymes cut the DNA at the sites near (~25bps) the
recognition sites. Type Il restriction enzymes cut the DNA at specific sites (often
palindromic) that they recognize and bind to. Type II restriction enzymes are the
most useful for recombinant DNA technology, and thousands of these enzymes have
been isolated and characterized since the first restriction enzyme (HindIl) was
purified by Hamilton Smith in 1970 . The cuttings of Type 11 restriction enzymes
produce blunt ends (i.e. leave no overhanging nucleotides after cutting) or sticky
ends (i.e. form a short 5°- or 3’-single stranded DNA overhang). If the restriction
enzyme recognizes an N base-pair sequence, it will cut the DNA once per N* base
pairs in theory. Consequently, the shorter the recognition sequence, the shorter the
DNA products formed after cutting. However, in natural systems recognition
sequences tend to occur less frequently than would be predicted. Homing
endonucleases are a special class of endonucleases. Their recognition sites are longer
than common type I restriction enzymes, so they can produce longer products after

digestion of long DNA molecules (e.g. chromosomal DNA).

Plasmids, bacteriophagés and bacterial artificial chromosomes are the most popular
cloning vectors for DNA cloning with E. coli. Plasmids are widely found throughout
the bacterial kingdom. Some are specific to a particular species. or small number of
closely related species. Others, known as broad host range plasmids, can establish
themselves within a diverse range of different bacterial species. Naturally found
bacterial plasmids are generally covalently closed circular DNA molecules, normally
1500 to 40000 base pairs in length. They may be single copy (i.e. only one plasmid
molecule present per cell); low copy (<ca. 20 plasmid molecules per cell); medium

copy (ca. 20 — 100) or high copy (>100).
























not require the use of a selectable marker?* 2", In Oligonucleotide-mediated
recombineering, the synthetic oligonucleotide has a sequence that is complementary
to that of either strand of the DNA region being targeted. The encoded mismatch or
deletion must correspond to the approximate centre of the oligonucleotide, and there
must be at least 30-45bp of homology on either side. Due to size and efficiency
limitations, only small insertions may be encoded on synthetic oligonucleotides.
However, large (tens of kbp) deletions can be created using oligonucleotide-directed

recombineering.

The oligonucleotide (that directs the DNA alteration) is incorporated into episome or
chromosome during replication process ** *?. Consistent with this ‘annealing
integration’ model, oligonucleotides whose sequences correspond to the lagging

strand in replication have higher correction efficiencies than their complements.

Since recombineering may be conveniently used to modify episomal DNA as well as
for cloning large fragments of DNA, it is widely used for functional genomic studies
in other organisms. In one example, the Xenopus tropicalis Arx gene fused with GFP
gene waé cloned into a bacterial artificial chromosome in E. coli via recombineering.
After isolation and purification, the modified BAC was then injected into X. laevis
embryos and was expressed in the forebrain®?. In another example, the C. briggsae
gene lin-59 was cloned into bacterial artificial chromosome via recombineering, then
was introduced into Caenorhabditis elegans, resulting in successful expression of
1in-59 ¥ In mouse genomic functional studies, recombineering was used to create
the Sall4 Mutant Mouse Model, through the generation of a mutant construct housed

on a bacterial artificial chromosome “*.
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Part Seven Introduction to Laribacter hongkongesis

Laribacter hongkongesis was first isolated in Hong Kong, from blood and empyema
(pleral pus) samples taken from a patient with alcoholic liver cirrhosis"®". The
bacteria are seagull/spiral rod shape and are gram-negative. anaerobic and
non-sporulating WO Laribacter hongkongesis is susceptible to imipenem and
ciprofloxacin, but is resistant to ampicillin and tetracycline. It can grow on sheep
blood agar and MacConkey agar at temperatures between 25 and 42°C. Its
chromosome is about 3169 kbps in size, with a G+C content of 62.35 %' '),
Phylogenic analysis shows it is a member of Neisseriaceae family of the B-subclass
of proteobacteria "V, Laribacter hongkongesis has also been isolated from Chinese

(103) fish (104,105)

tiger frog and freshwater reservoirs in Hong Kong and in Hangzhou,

China "%, It was proposed to be a potential cause of traveler’s diarrhea {'°”.

In order 10 survive in the different temperatures and environments, Laribacter
hongkongesis regulates different expression of proteins such as transporters
(especially the multidrug efflux pumps and heavy metal transporter), urease, bile
salts efﬂﬁx pump, adhesin, catalase, proteins involved in chemotaxis, etc !'%2. Most
striking is the different expression of two isozymes of N-acetyl-L-glutamate kinase
-— NAGK-20 and NAGK-37 at different temperatures. NAGK-20 and NAGK-37 are
two 1sozymes of NAGK. The NAGK-20 has high expression at 20°C and low
expression at 37°C while NAGK-37 has high expression at 37°C and low expression
at 20°C®®, although they have the same function. Phylogenic study shows that they
are more closely related to each other than to NAGK proteins in other bacteria. The
two NAGKs topology in phylogenic tree is similar to 16sRNA, which suggests that
the two isozyme genes evolved after Laribacter hongkongesis had separated from

closely related bacteria, and was subjected to different evolutionary pressures ‘'*.
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2.2.3. Protein expression and purification

LHK-bet-pET28a . SXT-bet-pET28a and SXT-ssb-pET28a plasmid were
transformed into BL21{DE3), repectively. Colony was inoculated into 20ml LB
{(containing 100pg/mi kanamycin) and shaked at 250rpm for overnight at 37 °C.
10ml overnight culture was expanded into 1L LB medium and shaked at 37 °C till
ODyggo~0.6. 0.5mM IPTG was added to the culture to induce protein expression at 32
°C for 6 hours. Cells were harvested by centraifugation at 4 °C for 15 minutes. Cell
pellet was resuspended in § volumes Bind buffer (25mM Tris-HCl, pH7.4, 500mM
NaCl. 25mM imidazole) and sonicated. The lysate was centnfuged at 15,000¢ for
30minutes and supernatant was applied to 1ml Hitrap chelating HP column (GE)
after filtered wilh 0.45uM filter (Millipore). After 5 column volume wa‘sh with Bind
buffer, the column was eluted with gradient increasing concentration of imidazole in
Bind buffer. Protein in fractions was checked by Bradford assay and SDS-PAGE.
The fractions containing purified protein were pooled toge‘lther and diluted with Stan
buffer (25mM sodium phosphate buffer, pH7.4, 50mM NaCl, 5mM imidazole). The
protein were further purified using 6ml Resource Q column (GE) with an Elute
buffer (25mM T sodium phosphate buffer, pH7.4, IM NaCl, 5SmM imidazole), and

then the protein samples were ready biophysical and biochemiscal assay.

Part Three Preparation of linear dsDNA pUC18/Pstl

To prepare linear dsDNA substrate, pUC18 was prepared using Qiagen Miniprep Kit.
The plasmid was completely digested with restriction enzymes (Pstl, BamHI, Sspl).
The samples of digestion products were analyzed on 1% agarose and stained with
ethidium bromide. pUC18/Pst | was aliquoted and dephosphorylate using alkaline
phosphatase {calf intestinal, NEB). The DNA was purified using Spin column
(Qiagen) and eluted with 10mM Tris-HCl, pH8.0 buffer. The efficiency of DNA

dephosphorylation was checked by using T4 ligase to do ligation of the
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2.5.7. Metal ion dependence test for LHK Exo

The 20uL reaction mixtures were in 25mM Tris-HCI1 pH7.4, 50mM NaCl buffer,
with or without SmM of various metal ions, containing 180ng pET28a/Ndel linear
dsDNA and 1.45ng LHK Exo protein. The reaction mixtures were quenched with
20mM EDTA after incubation at 37°C for 20 minutes, and then the reaction mixtures

were run on 1% agarose gel and stained with ethidium bromide.

2.5.8. Digestion time course of LHK Exo on gel

A 200pL reaction mixture in 25mM Trnis-HCl pH7.4, 50mM NaCl, SmM MgCl,
buffers, containing 1.8ug pET28a/Ndel linear dsDNA and 14.5ug LHK Exo protein
was incubated at room temperature for 1 minute, 2minutes, 3minutes, 4minutes,
Sminutes, 6minutes, 7minutes, 1 5minutes, then 20pL. of reaction mixture was
withdrawn and quench with 20mM EDTA, 1% SDS. Then the digestions were
analyzed by running the mixture on 1% agarose gel. The gel was stained with

ethidium bromide.

Part six Biochemical assay of SXT Exo

2.6.1. Optimal temperature determination

The standard reaction buffer (25mM Tris-HCI, pH7.4, 50mM NaCl, ¢.5mM MnCl;)
was incubated with 2pl 2.5ng/ul pUC18/Pstl linear dsDNA (0.003pmol} in water
bath for 5 minutes, then 2uL. 0.12mg/ml of SXT Exo (6pmol monomer) was added to
start the reactions. The total reaction volume is S0uL, and reactions were allowed to
continue for 1 minute. The reaction was quenched with 20mM EDTA. The digestion

was measured using Picogreen fluorescence assay.
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2.6.2. Optimal Mn** jon concentration determination

2uL 2.5ng/uL. pUC18/Pstl linear dsDNA (0.003pmol) and 2uL 0.12mg/ml (6pmol
monomer) were added to the reaction buffer (25mM Tris-HCI, pH7.4, 50mM NaCl)
containing various concentrations of MnCl to start the reactions and the final

reaction volume is 50pL. The reactions were allowed to continue for 30 minutes at
37°C, and then quenched with 20mM EDTA. The digestion was measured by

Picogreen fluorescence assay.
2.6.3. Optimal Mg®* jon concentration determination

2ul 2.5ng/pL pUC18/Pstl linear dsDNA (0.003pmol) and 2uL 0.12mg/ml (6pmol
monomer) were added to the 25mM Tris-HCL, pH7.4, 50mM NaCl reaction buffer
containing various concentration of MgCl; to start reactions and the final reaction
volume is 50pL. The reactions were allowed to continue for 30 minutes at 37°C, and
then quenched with 75mM EDTA. The digestion was measured using Picogreen

fluorescence assay.
2.6.4. Optimal pH of SXT Exo determination

2pL 2.5ng/ul pUCI18/Pst! linear dsDNA (0.003pmol) and 2p 0.12mg/ml (6pmol
monomer) were added to the 25mM Tris-HCl, pH7.4, 50mM NaCl 0.5mM MnCl,
reaction buffer at different pHs to start the reactions and the final reaction volume is
S0uL. The reactions were allowed to continue for 30 minutes at 37°C, and then
quenched with 75mM EDTA. The digestion was measured using Picogreen

fluorescence assay.
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2.6.5. Substrate preference test

12uL 2.5ng/uL linear dsDNA (pUC18/Pstl, de-phosphated L pUC18/Pstl,
pUC18/BamHI or pUC18/Sspl) and 12 0.12mg/ml (36pmol monomer) were added
to 25mM Tris-HCI, pH7.4, 50mM NaCl, 0.5mM MnCl; reaction buffer to start the
reactions at 37°C and the final reaction volume is 300uL. 50uL reaction mixture was
withdrawn and quenched the reactions with 20mM EDTA at different time points.

The digestion was analyzed by fluorescence assay using Picogreen fluorescent assay.
2.6.6. Heparin inhibition assay

2uk 2.5ng/ull pUC18/Pstl linear dsDNA (0.003pmol) and 2 0.12mg/mi (6pmol
monomer) were added to 25mM Tris-HCI, pH7.4, 50mM NaCl, 0.5mM MnCl,
reaction buffer containing various concentrations of heparin to start the reaction and
the final reaction volume is S0ul. The reactions were allowed to continue for 30
minutes at 37°C, and then quenched with 20mM EDTA. The digestion was analyzed
by fluorescence assay using Picogreen as described above. The activities of SXT Exo
in the presence of heparin were compared and normalized with the activity of the

SXT Exo without heparin.
2.6.7. Salt concentration effects assay

To start the SXT Exo digestion, 2uL 2.5ng/uL. pUC18/Pstl linear dsDNA
(0.003pmol) and 2p 0.12mg/ml (6pmol monomer) were added to 25mM Tris-HCI,
pH7.4, 50mM NaCl, 0.5mM MnCl; reaction buffer containing and various
concentrations of NaCl, KCl and CaCl2, respectively. The final reaction volume is
50pL. The reactions were allowed to continue for 30 minutes a3 37°C, and then
quenched with 20mM EDTA. The digestion was analyzed by fluorescence assay
using Picogreen. The activities of SXT Exo in the presence of different salts were

compared and normalized with the activity of SXT Exo in the standard condition.

43



2.6.8. PO4” inhibition assay

2ul 2.5ng/pl. pUC18/Pstl linear dsSDNA (0.003pmol) and 2u 0.12mg/ml (6pmol
monomer) were added to the reaction Buffers (sodium phosphate buffer or Tris-HCI
buffer at various concentrations at pH7.4) containing 50mM NaCl and 0.5mM MnCl,
to start reactions an-d the final reaction volume is 50uL. The reactions were allowed
to continue for 30 minutes at 37°C, and then quenched with 20mM EDTA. The
digestion was analyzed by fluorescence assay using Picogreen fluorescence assay.
The activities were compared and normalized with the activity of SXT Exo in the

standard condition.
2.6.9. SO,4* inhibition assay

2uL 2.5ng/pL pUCI18/Pstl linear dsDNA (0.003pmol) and 2p 0.12mg/ml (6pmotl
monomer) were added to 25mM Tris-HCI, pH7.4, 50mM NaCl, 0.5mM MnCl,
reaction buffers containing various concentration of NaySO4 or K380,. The final
reaction volume is S0uL. The reactions were allowed to continue for 30minutes at
37°C, and then quenched the 20mM EDTA . The digestion was analyzed by
fluorescence assay using Picogreen fluorescence assay. The activities were compared

and normalized with the activity of SXT Exo in the standard condition.
2.6.10. Metal ion dependence test for SXT Exo

The 20uL reaction mixtures comtain 184ng pET28a/Ndel linear dsDNA and 0.6ug
SXT Exo protein in 5SmM Tris-HCl pH7.4, 50mM NaCl buffer, with or without
various metal ions. The reaction mixtures were quenched by 20mM EDTA after
incubation at 37°C for 30 minutes, and then the reaction mixtures were analyzed on
1% agarose gel and stained with ethidium bromicie. To check whether the SXT Exo

has dsDNA exonuclease activity or not in the presence of high concentration of
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MgCl,, a 20uL reaction mixture of 25mM Tris-HCI, pH7.4, 50mM NaCl, 20mM
MgCl; containing 184ng pET28a/Ndel linear dSDNA and 0.6pug SXT Exo protein
was allowed to incubated at 37°C for 30 minutes as above and check the digestion by

1% agarose gel.
2.6.11. Digestion time course of SXT Exo on agarose gel

A 200uL reaction mixture is in 25mM Tris-HCI pH7.4, 50mM NaCl, ImM MnCl;
buffers, containing 1.84pg pET28a/Nde] linear dsDNA and 6p:g SXT Exo protein,
was incubated at room temperature. 20ul. of reaction mixture was withdrawn at {
seéonds, 30 seconds, 60 seconds, 2 minutes, 5 minutes, 10 minutes, 20 minutes, 40
minutes, and 80 minutes and quenched with 20mM EDTA, 0.4%protease K, 1% SDS.
Then the digestions were checked by running the mixture in 1% agarose gel. The gel

was stained with ethidium bromide.
2.6.12. Dephosphorylated pUC18/Pstl digested by SXT Exo

The 20uL reaction systems were in 25mM Tris-HC], pH7.4, 50mM NaCl, 1mM
MnCl, buffer, containing 50pg linear pUC18/Pstl dsDNA (dephosphorylated or non-

dephosphorylated ) and 0.6pug SXT Exo protein. The reaction mixtures were
quenched by 20mM EDTA after incubation at 37°C for 30 minutes, and then the

reaction mixtures were run on 1% agarose gel and stained with ethidium bromide
2.6.13. Digestion velocity of SXT Exo determination

A 100uL reaction mixture in 25mM Tris-HC], pH7.4, 50mM NaCl, and 0.5 mM
MnCl; buffer contains 0.15pmol linear pUC18/Pstl dsDNA and various amounts (15,
30, 60, 120. 240pmol monomer) of SXT Exo. The reaction is performed in ice water
bath and 20uL reaction mixture was withdrawn and quenched with 20mM EDTA at
different time points. The digestion was measured by Picogreen fluorescence assay.
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Part Seven Biophysical study of LHK Exo, LHK bet, SXT exo, SXT

Bet and SXT SSB proteins

2.7.1. Cross-linking

After purified using a Sml Hitrap chelating column, LHK Exo, LHK bet, SXT Bet
and SXT SSB were further purified using a émt Resource Q column with Start buffer
{25mM sodium phosphate buffer, pH7.4, 50mM NaCl) and Elute buffer (25mM
sodium phosphate buffer, pH7.4, 1M NaCl), and then the proteins are used to do
cross-linking using DMS and gluteraldehyde at various concentrations. The
cross-linking prod{lcts were checked by SDS-PAGE and gel was stained with

Coommassie Blue R-250.

2.7.2. Gel filtration

-

SXT exo and LHK Exo multimerity determination

1001:11. of purified SXT Exo, lambda Exo and LHK Exo proteins were applied to
Tricormn Superdex 200HR 10/300GL column on an AKTA-FPLC (GE Healthcare) in
the buffer of 25mM Tris-HCI, pH7.4, 150mM NaCl, ImM EDTA, 5mM imidazole.
The column was pre-calibrated with protein standards: ferritin (440kDa); aldolase
(158kDa); thyroglobulin (67kDa); ovalbumin (43kDa); hymotrypsinogen A (25 kDa)

and ribonuclease A (13.7kDa). The flow rate is 0.4ml/min at 4°C.
+ LHK Bet, SXT Bet and SXT SSB multimerity defermination

100uL. Bet and SSb proteins were loaded to Superdex200 HR200 10/30 column in

different buffers, the flow rate is 0.4ml/min at 4°C. Ferritin (440kdal), aldolane
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(158kDal), conalbumin (75 kDal) and ovalbumin (43kDa) were used to prepare the

standard curve.

Part Eight, LHK Exo -LHK Bet interaction

2.8.1. Interaction of LHK Exo and LHK Bet proteins in vitro study by pull

down assay

LHK-exo was subcloned into pGex-4T1 vector. The LHK-ex0-pGex-4T1 and
LHK-beta-pET28a(+) proteins expression were induced for about 5 hours when the
ODggo0f the culture reach 0.6-0.7 with 0.5mM IPTG at 32°C in 100ml LB culture, .
and then the cell pellets were collected. The cell pellets were resuspended in 25ml
Bind buffer (25mM Tris-HCI, pH7.4, 150mM NaCl, ImM EDTA, 10% glycerol) and
sonicated using'Bradson sonifier 300 with 30% output for 2 minutes with 2 seconds
on and 5 seconds pff in tce-water mixture bath. The lysates were ultracentrifuged for
45 minutes and the supematant was collected and filtered with 0.45uM filter
(Millipore). The LHKexo-pGex-4T1 supernatant was loaded slowly
{0.2-0.3ml/minute) in 4°C refrigerator to Iml GSTrap FF column first, then
LHKbet-pET28a(+) supernatant was loaded to the same 1ml GSTrap FF column
slowly. The column was washed thoroughly till no protein detected using Bradfrod
assay with about 6ml Bind buffer, and finally eluted the column with 10mM reduced

GSH in Bind buffer. 1ml eluate was collected in each fraction.

The controls were: a, LHK-exo-pGex-4T1/BL21(DE3) extract was loaded to 1ml
GSTrap FF column, and eluted with 10mM reduced GSH in Bind buffer after
thorough wash with Bind buffer; b, LHKbet-pET28a(+)/BL21(DE3) extract was
loaded to 1mi GSTrap FF column, and eluted with 10mM reduced GSH in Bind
buffer after thorough wash with Bind buffer, c, pGex-4T1/BL21(DE3) extract was
loaded to 1m! GSTrap FF column, and eluted with 10mM GSH in Bind buffer after
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thorough wash, pGex-4T1/BL21(DE3) extract loaded to 1m!t GS8Trap FF column,
then LHKbet-pET28a(+) extract was loaded to the same column, after SCV bind
buffer wash, the column was eluted with 10mM GSH in Bind buffer after thorough
wash with Bind buffer.

2.8.2. Interaction of LHX Exo and LHK Bet proteins in vive study by pull down

assay

LHK ber-exo gene was cloned in pET32bvector via HindIIl and Ndel, which makes

Exo protein have His tag in the C-terminal while Bet has no tag.

The LHKDbet-exo-pET32b was introduced in BL21{DE3) and protein expressions
were induced by 0.5mM IPTG at 32 for 6 hours. Cell pellet from 400 ml was
collected, and sonicated in 30 ml Bind buffer: 25mM Tris-HCL pH7.4, 150mM NaCl,
25mM imidazole and 10% glycerol in ice-water bath using Bradson sonifier 300 with
20% output for 8 minutes (2.5 seconds on and 17.5seconds off). The lysate was
subjected to ultracentrifugation at 15,000g for 30minutes at 4°C, and supernatant was
loaded to 1ml. Hltrap chelating column (GE} after filtered with 0.45uM filter
{Millipore). The column was washed thoroughly with more than 6ml Bind buffer.
Finally, the column was eluted with the Elution buffer: 25mM Tris-HCL pH7 4,
500mM NaCl, 500mL imidazole. 1mi eluate was collected in each fraction. The

protein in the fractions was checked by running 15% SDS-PAGE.

The negative control was LHK -exo-pET28a expressed in BL21(DE3) which is

subjected to the elution exactly the same as LHKbet-exo-pET32b above.
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electroporated into 90pL competent cell. Cell was shaken at 250rpm at 37°C for
1.5hours before plating on LB agar media plates. The efficiency is calculated by
dividing the number of recombinant cell by the number of all the survive cell in the

electroporation.
2.9.2. Point mutation repair using ssDNA

DY380 is a DH10B-derived strain prepared by Dr. DL Court group at NCI-Frederick.
In the chromosome of DY380 bacteria, there is a defective bacteriobhage lambda
prophage and the expression of recombination proteins (Bet, Exo, Gam) is controlled
by repressor ¢/837, which is temperature sensitive. DY380 was further modified by
Huang JD group in the Department of Biochemistry in HKU. The bet gene of lambda
prophage in the bacteria chromosome was knockout and fragments of gene Kun'Cm”
were integrated into the chron;osome respectively. The Kan'in Kan’Cm' is Karn™ gene
with a point mutation, so the bacteria are chloramphenicol resistant and kanamycin
sensitive. Single stand oligonucleotides was designed and synthesized to repair the
point mutations respectively. For the both flanks of point mutations, there are 45

bases in the designed single stranded oligonucleotide which are homologous to them

(figure 17).

Mutation repairing mediated by bet proteins

R - e

Figure 17. Point mutation repairing mediated by Bet proteins
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pBAD plasmids cloned full length ber genes or truncated bet genes were transformed
into new stain of DY380Abet Kayx'Cm® or DY380Abet Kan’Cm” and the colony was
inoculated for overnight shaking at 32°C. The overnight culture was 1:100
transferred to two sets of 50ml LB in 250 flask and shake at 250rpm at 32°C for 1.25
hour. Then 0.1% of arabinose was added to one set to induce protein expression and
the shaking was allowed to continue for 1.5 hours at 250rpm at 32°C. Also, 0.1% of
arabinose was added to another set and the culture were shaken for 1.25 hours. and
then the flasks were shaken in in 42 °C water bath for 15 minutes before used to
prepare competent cell. Competent cell was resuspended in 190 L water. 100ng of
single strand oligonucleotide was clectroporated into the 90 pl. competent cell. Iml
LB was added to the electroporation product and then shaken at 250rpm at 32°C for
2 hours before plating on LB agar media plates. The efficiency is calculated by
dividing the number of recombinant cell by the number of all the survive celi in the

electroporation in transformation.

pDH vectors containing full length ber gene or truncated bet gene were transformed
into DY 380Abet Kuan'Cm’ or DY380Abet Karn’Cm' and the colony was inoculated for
overnight shaking at 32°C. The overnight culture was 1:100 transferred to 50 mi LB
in 250 m! and shaken at 250 rpm at 32°C for 2.5 hour. Then the culture was shaken
in 42 °C water bath for 15 minutes before used to prepare competent cell. The
competent cell was resuspended in 190 pL water. 100ng of single strand
oligonucleotide was electroporated into 90 pL competent cell. 1ml LB was added to
the electroporation product and then shaken at 250 rpm at 32°C for 2 hours before
plating on LB agar media plates. The repairing efficiency is calculated by dividing
the number of recombinant cell by the number of the all cell surviving in the

electroporation.

LHKHis-bet-pDH and LHKHis-bet-pBAD were transformed into DY 380Abet
Kan'Cm' respectively. The colonies were inoculated for overnight shaking at 32°C at

250rpm. The overnight culture was transferred to 500m! LB at the ratio of 1:100 and
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shaken at 32°C at 250 rpm, and then the protein expression was induced as procedure
described above. 50ml culture was aliquoted and used to do competent cell
preparation, ssDNA elcetroporation were performed as procedure described above.
The 450ml culture left was used to purify His-tagged protein using 0.2ml Ni-NTA
resin. The protein was eluted by 0.5ml elution buffer. and subjected to SDS-PAGE to

check protein expression.
2.9.3. Deletion of pLysS using ssDNA

pLysS plasmid has Cm’ resistant gene. but the Cm” gene is in the middle of Tes gene,
and the Tel genc was inactivated, so the pLysS is Cmi'Ter'. If the Cm” was deleted.
the Ter” gene will be repaired and be active again, and the modified pLysS will be

Cm'Ter'. (figure 18)

Two single strand oligonucleotides were designed and synthesized to delete to Cm”
gene in Tef gene. In the DNA upstream and downstream of Cm’, the two designed
single strand oligonucleotides both have homologous 40 bases which are
homologous to flanks DNA of Cm’, respectively. One single strand oligo nucleotides
follows the direction of plasmid replication; the other one 1s reverse to the plasmid

replication direction.

Lambda-ber-pDH / DH10B overnight culture was 1:100 transfer to S50m! LB in
250ml flask and shaken at 32 for 2. 5 hours, then the culture was shaken at 42°C
water bath for 15minutes and used to prepare competent cells as procedure above.
1.24ng pLysS plasmid was electroporated to 90uL competent cell with various
amount of single strand oligonucleotide, and then the electroporation product
recovered at 1ml LB and shake 32°C for 2hours. The electroporation product was
plate in LB agar plate. The deletion efficiency was calculated by dividing the number
of cells survives in LB plate with 10ug/ml by the number of cell survives in LB plate

with 34 pg/m] Cm. Then a curve of deletion efficiency vs ratio of pLysS/ single
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strand oligonucleotide was plotted.
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Figure 18. DNA fragment deletion mediated by Bet proteins

LHK-bet-pDH, lambda-bet-pDH. SXT-bet-pDH, SA-bet-pDH and pDH plasmid (as
control, figure 62) were transformed into DH10B, and the colony was inoculated in
LB for overnight incubation at 32°C. The overnight culture was 1:100 transferred to
50mi LB in 250ml flask and shaken for 2.5hours at 32°C, and then the culture was
shaken at 42°C water bath for 15minutes and then used 10 prepare competent cells as .
procedure above. 1.24ng pLysS plasmid and 100ng of single strand oligonucleotide
were electroporate‘d to the competent cells together, and then electroporation product
was recovered at 1ml LB and shaken 32°C for 2hours. The electroporation product
was plate in LB agar plate. The deletion efficiency was calculated by dividing the
number of cells survives in LB plate with 10pg/ml by the number of cell survives in

LB plate with 34 pg/ml Cm.

LHK-bet-pBAD, lambda-bet-pBAD, SXT-bet-pBAD, SA-bet-pBAD and pBAD
plasmids were introduced to DH10B, and the overnight culture was 1:100 transferred

to 2 sets of 50ml LB in 250ml flasks and shaken for 1.25heurs at 32 °C. Then 0.1%
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arabinose was added to one set culture to induce protein expression for 1.5 hours,
then cell culture is ready for competent cell peparation. Also, 0.1% of arabinose was
added to another set and the culture were shaken for 1.25 hours, and then the flasks
were shaken at 42 Cwater bath for 15 minutes before used to prepare competent cell.
After preparation of competent cell as procedures decribed above, 1.24ng pLysS and
100ng of single strand oligonucleotide were electroporated to the competent cells.
The electroporation product was recovered at 1ml LB and shake 32°C for 2 hours.
Then the electroporation product was plate in LB agar plate. The deletion efficiency
was calculated by dividing the number of cells survives in LB plate with 10pg/ml by

the number of cell survives in LB plate with 34 pg/ml Cm.
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Chapter Three Result

Part One, Protein expression and purification and pUC18/Pstl

dephosphorylation

3.1.1. SXT protein expression

Although SXT Exo had high expression level in whole cell (lane 3, Figure 19), the
soluble expression was very low About 0.12 mg protein was obtained from 2L
culture, which contains about 5g cell pellet. The purified SXT Exo protein was more
than 95% punity after eluted from 1ml Hitrap chelating HP column as shown in
figure 19 (lane 5). SXT Bet and SXT SSB protein had good soluble expressions. In
the purification on 5ml Hitrap chelating HP column, the two proteins bound to the
column tightly and the proteins were almost 100% pure after elution. After ion
exchange purification on 6ml Resource Q column, no contaminant was found on

SDS-PAGE stained with Comassie brilliant Blue R-250 (Figure 19).
3.1.2. LHK protein expressions and purifications

LHK Exo and LHK Bet had high level of soluble expressions. The two proteins
bound the Hitrap chelating HP column so tightly that they were almost 100% pure
after elﬁtion. After ion exchange purification on 6ml Resource QQ column, no
contaminant was found on SDS-PAGE stained with Comassie brilliant Blue R-250
(Figure 20). LHK Bet also had good solublility, as the Bet proteins from SXT and

bacteriophage lambda.
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Chapter Four Discussion

Part One. The quantification of linear dsDNA

The Picogreen fluorescent assay is a very useful tool for the accurate quantification
of dsDNA, which is relatively unaffected by the presence of contaminating
molecules (with the notable exception of Manganese). When Picogreen binds to
RNA or single stranded DNA, the intensity of the fluorescent emission at 525nm is
very low (excitation 485nm). However, when Picogreen binds to double strand DNA,
the fluorescence reading is enhanced greatly ', The intensity of the fluorescence
reading (in relative units) is proportional to the amount of dSDNA present. When
linearized double stranded DNA is degraded by the exonuclease, the fluorescence
reading will decrease proportionally. If assumed that the ssDNA regions produced do
not self-anneal to form a large amount of dsDNA, then it will not has significant
effect on the fluorescence reading. It is also possible to use Picogreen assay to
perform real time exonuclease assays ‘™ 1% However. the binding of Picogreen
molecules to the dsDNA may affect the enzyme activity to an unknown extent, as the
enzyme will have to actively‘displace these interchelating molecules in order to

move along while unwind the dsDNA helix and digest the dsDNA.

95



Part Two. Characterization of SXT Exo protein

4.2.1. SXT Exo expression and purification

The SXT-Exo protein was expressed with highest levels from the pET28a vector in £.
coli BL21(DE3) (Figure 19). However, the vast majority of expressed protein was in
the form of insoluble inclusion bodies. There are 6 cystine residues in each SXT Exo
monmeric subunit. These may form several disulfide bonds that may make the
correct protein folding process more difficult. Another possible reason is that the
correct folding of the SXT Exo protein needs divalent metal ions, such as Mn®* or
Mg2+, which may be at lower concentration in £.coli. Thirdly, the environment in £.
coli may be very different from the native host, Vibrio cholerae, which hinders the
protein correct folding. It is also possible that the N-terminal domain plays an
important role in the protein folding process. The recombinant protein has
N-terminal His-tag which may hinder the formation of the correct protein folding
intermediates. A recombinant SXT Exo protein with an N-terminal GST-tag was also
prepared, and its expression and activity were investigated. Results showed that the
total and soluble protein expression levels were much lower than for the His-tagged
protein (data not shown). Lower total protein expression levels may be explained by
the presence of a Ptac promoter on the pGEX4T1 plasmid, compared with the
stronger T7 promoter on the pET28 vector. However, it may also be (partially) due to
the large GST-Tag (ca. 26.5 kDa) at the N-terminus interfering with the folding

process.

Noticeably, in the alignment with bacteriophage lambda Exo and LHK Exo. SXT
Exo has an extra C-terminal domain. This is interesting, as it is also different from
the other uncharacterized exonuclease homologues in the NCBI databases (data not
shown). The role of this region is unknown. It is possible that it influences the

protein stability and overall expression levels. [t may be noted that in the conserved
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100mM NaCl, whilst it has slightly higher activity at low KCI concentrations
(25-50mM). One possible reason is that the K” ion has a stronger interaction with
residues in the interfaces between the SXT Exo subunits, or with residues in the
active sites and metal binding sites. This will compete for binding with substrate or
metal ion, and inhibits the exonuclease activity. CaCl; has much more obvious
inhibitory effects on SXT Exo than NaCl or KCI. Beside disrupting the hydrogen
bonds and electrostatic interaction, the Ca®* ion may compete for the metal binding
site with Mn®" much strongly than monovalent ions, such as Na* and K*. Ca®’ ions
can bind to carboxylate groups i.e. Aspartate and Glutamate residues, possibly at the
active site, forming stable (inactive) chemical complexes. It may also destabilize the

protein, and facilitate its precipitation at high concentrations.

Since the recognition of the 5’-phosphate group on linear dsDNA is important for
SXT Exo activity; the high concentrations of free phosphate ions (PO.>) in
phosphate buffer may compete for the phosphate recognition site in SXT Exo and
hence inhibit SXT Exo activity (Figure 44). Consistent with this hypothesis, 100mM
sodium phosphate buffer (pH 7.4) totally inhibits SXT activity, although SXT Exo
still has high activity in 100mM Tris-HCI buffer (pH 7.4). In the potassium
phosphate buffer, SXT Exo has 50% activity at low éoncentrations of phosphate (e.g.
25mM). Figure 45 shows that high concentrations of the sulfate ion (SO ) also
completely inhibits SXT activity, similar to that observed for the phosphate ion.
However, SXT Exo retains significant activity at low concentrations of potassium
sulfate (e.g. 25 mM), which are similar to those observed in in 25mM potassium
phosphate buffer. One possible reason for this is that the chemical structure of sulfate
is similar to that of phosphate, so that it can mimic the phosphate group and compete
for the 5’-phosphate group binding site in SXT Exo. This would inhibit the binding
of dsDNA ends and consequently reduce exonucliease activities. However, it seems
likely that the protein does not have such high affinity for either sulfate or phosphate,
as since SXT Exo still has (reduced) activity at low concentrations of these ions. The

hetero-polysaccharide molecule heparin is DNA mimic and competes with DNA for

100



Exo binding, thus inhibits the exonuclease activity. In an inhibition assay, 50%
dsDNA exonuclease activity of 60nM of SXT Exo trimers was inhibited when they
were incubated with 0.12nM ends of dsDNA substrate and ~2777nM of heparin.

It was therefore planned to investigate whether SXT Exo had a distributive or
processive mode of exonuclease activity. A processive digestion mechanism means
that once the SXT Exo protein binds the DNA substrate and initiates digestion, it will
remain bound until the digestion of all the phosphodiester bonds is completed, or
until the enzyme dissociates prematurely. A distributive enzyme disassociates from
the dsDNA substrate after every catalytic event (i.e. after the cleavage of one
phosphodiester bond). If SXT Exo digestion is distributive, then the higher amount
of enzyme present, then the higher the DNA digestion rate. However, if the Exo
exonuclease activity is processive, then above a certain threshold, the addition of
more enzyme will not further increase the digestion rate. Figure 46 shows that
12pmol SXT Exo in the reaction mixture is enough to saturate the ends of linear
dsDNA substrate, and the addition of more enzyme could not further increase the
digestion activity. The slopes of all the curves were calculated and the digestion rate
of SXT Exo was 23.8+4.3 nucleotides per minute. According to Arrhenius law,
k=AeT¥RT the rate of digestion will incréase logarithmically when the temperature is
increased. However, complex enzymatic reactions are not as simple as common
chemical reactions, and generally do not follow such relationships. dsDNA digestion
is not a single step process, which involves many discrete processes, e.g. the
‘melting’ of the DNA helix prior to hydrolysis, each with individual kinetic and
thermodynamic parameters. It should also be mentioned that Mn®" ions promote the
formation of hydroxide ions and peroxide radicals in aqueous solution, both of which

can degrade DNA in a non enzyme-dependent manner.
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Figure 57 shows that SXT Bet forms relative simpler multimerity in sodium
phosphate buffer, compared to those observed in Tris-HCl buffer (with same pH and
NaCl concentration). This suggests that phosphate ions may affect the multimericity
of the SXT-Bet. It also shows that SXT Bet has the same distribution of
multimericity at pH 7.4 and 8.0 (Figure 58), indicating that (over this pH range) pH
does not greatly influence its multimerity. Figure 59, 60 and 61 shows that Mg®* ions
also affect the multimerity. The interaction between the Mg®* ions and the protein
occurs rather slowly (at room temperature) and requires many hours to go to
completion. If Mg”™ ions are incubated with SXT Bet for a short time (e.g.
15minutes), only a small portion of SXT Bet interacts with Mg®* ions, forming larger
molecules. However, if Mg”* is incubated with SXT Bet for a long time (e.g.

overnight), most of the SXT Bet interacts with Mg”* ion and form larger multimers.

The SXT SSB protein was chemically cross-linked to examine its multimeric status.
On the SDS-PAGE gel of the cross-linked protein mixture (Figure 50), SXT SSB
forms dimers and tetramers. The closely-related SSB protein from Escherichia coli is
a homotetramer ‘. The likely reason for this observation is that the SXT SSB
tetramer has a dimer-dimer structure, similar to that found for the Escherichia coli
SSB protein !'®. In the cross-linking experiments, the four component monomers of
the tetramer are not always coupled to one another, sometimes just dimer pairs,

leading to the observation of both multimers on the SDS-PAGE gel.

Figures 62 and Figure 63 show the interaction between LHK Exo and LHK Bet
protein in vitro and in vivo, respectively. In Figure 62, the GST-tagged LHK Exo
protein is used as the *bait’ to capture the His-tagged LHK-Bet protein (the ‘prey’).
Lane 4 indicates that no LHK Bet protein sticking to the glutathione resin in the
absence of LHK Exo protein was detected in SDS-PAGE. Lane 7 shows that no LHK
Bet protein sticking to the GST protein bound to the glutathione resin was detected in
SDS-PAGE, which demonstrats that there is a specific binding interaction between

the LHK Bet and Exo proteins. In Figure 63, the LHK Bet and Exo proteins were
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cloned into a pET32 expression vectors in a ‘one-operon’ arrangement, analogous to
that found in the bacterium {i.e. mimicking the native transcription and translation
arrangement). In this vector construct, onl_;,f the LHK Exo protein has His Tag,
enabling it to bind to the Ni-impregnated column. LHK Bet cannot bind to the resin
as it does not have His-tag. The only way It can be retained on the column 1s that it

has a binding interaction with the LHK Exo protein.

The roles of SXT Ssb and LHK Ssb proteins remain to be established. Numerous
phage and prophage regions that have been sequenced to date have Bet (RecT), Exo
(RecE) and Ssb proteins encoded adjacent to one another, or in very close proximity
8 This strongly suggests that the SSB protein plays some role in the Bet-Exo
recombination process, however, this has not been investigated (there are no reports
in the literature to date). The Bet and SSB proteins may potentially affect the
activities of the Exo protein via several different mechanisms: they may interact with
the Exo protein directly, or they may bind to regions of ssDNA, therefore stabilizing
the Exo degradation product, or they may do both. Because the expression level of
the SXT Exo protein was very low in E.coli, it was very difficult to get a clear result
from the pull down assay, to determine whether there was an SXT Exo-SXT Bet

interaction.
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Part Five Evaluation of the biological activities of the ssDNA

annealing Proteins

4.5.1. Point mutation repair by Bet/RecT homologous

Figure 66 shows a summary of the efficiency by which the (plasmid encoded) LHK
Bet; Lambda Bet; RecT; SXT Bet and S. aureus RecT proteins could correct a ‘loss
of function’ point mutation within a kanamycin resistance gene on the E. coli
chromosome using a 71nt correction oligonucleotide. This assay measures the
efficiency by which Bet/RecT recombinase can promote the oligonucleotide-encoded
substitution of a single nucleotide on the chromosome. The proteins were expressed
from arabinose-inducible plasmids (pBAD, red color) or from heat shock-inducible
cI857/PL plasmids (pDH, blue color). Both plasmids have a similar copy number. A
heat shock control was performed for each of the pPBAD experiments (yellow color),
to detect any differences that may arise from elevating the cell incubation

temperature to 42°C for 15 minutes.

The repair efficiency of LHK Bet is just under 1% when expressed from either pDH
or pBAD plasmids. The high efficiencies enable recombinant clones to be directly
screened without the use of a selectable marker (e.g. by PCR screening). The
recombination efficiencies of LHK Bet and RecT in the pDH vectors are lower than
those in the pBAD vectors. However, the efficiencies of lambda Bet and SXT Bet in
pDH are higher than those in pBAD vectors. The recombination efficiency of S.
aureus RecT is approximately the same in pDH and pBAD vector. The point
mutation repair efficiency of His-tagged LHK Bet and His-tagged LHK Bet does not
appear to be directly related to protein expression level (as long as it is above some
threshold level) Figure 70, 71). The 15 minute 42°C heat-shock lowers the
recombination efficiencies of LHK Bet, S. aureus RecT, lambda Beta and RecT in

the pBAD vector, whilst it enhances the efficiency of SXT Bet. One possible reason
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for this effect is that the heat-shock also induces the expression of the Gam protein,
since the gam gene is still integrated in the host chromosome under the control of the
cl857/Py. in the DY380Abet mKan reporter strain. Gam not only inhibits nucleases tn
the cell, but may also interfete with the binding of Bet protein to DNA, because the
Gam protein mimics DNA ®®_ Also, heat-shock may induce considerable changes in
the protein profile of the cell, when compared with the non-heat shocked cells.
Consequently, the overall effects of the heatshock are very complicated, and hard to

predict or define.
4.5.2. DNA fragment deletion mediated by Bet/RecT homologous

It was planned to investigate the efficiency forBet/RecT proteins mediate
oligonucleotide-directed deletion of a large section of DNA on a low-copy plasmid.,
pLysS. Plasmid pLysS (commercially available from Novagen), was created by
inserting T7 lysozyme gene into the BamHI site of the tetracycline resistance gene in
plasmid pACYC184, thereby inactivating it (creating an insertional mutant). The
correction oligonucleotide straddles the original BamHI insertion point, and thereby
directs the ‘looping out’ of the inserted T7 lysozyme gene, to create the original
plasmid pACYC184, which has an active tetracycline resistance gene. A
co-electroporation strategy was used, as this meant that both oligo and plasmid
would have a high chance of being electroporated into the same cell at the same time.
‘Recombination-competent cells’ were used i.e. cells that contained the
episomally-established recombinase gene on a pBAD or pDH plasmid, which has
been induced, immediately prior to making competent cells. The use of this strategy
would also mean that the ratio of oligo to plasmid within the same cell would
probably be higher than if the pLysS plasmid was first established as a stable

episome, and was then electroporated with oligo.

Figure 72 shows the saturation curve for increasing concentrations of correction
oligonucleotide with a constant amount {1.24 ng) of pLysS (the correction target).
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The plasmid and oligonucleotide were incubated with the ‘recombination-competent’
E. coli DH10B/pDH-lambda-Bet competent cells for 15 minutes prior to
electroporation, to promote cellular association. The data shows that the correction
efficiency increases with increasing amount of correction oligonucleotide, up to a
certatn point (cé. 100:1 ratio of oligo: plasmid). The maximum correction efficiency
obtained was ca. 1%, which is very good compared with previous literature resulis.
This indicates that above a certain threshold concentration, the amount of oligo does

not limit the repair event within the ‘recombination-competent’ cell.

Figure 73 shows the olionucleotide-directed deletion efficiencies mediated by the
various Bet/RecT proteins. The general trend of the results was similar to that
obtained from the point mutation repair experiments (described above). However, the
differences in the repair efficiencies between the various recombinase proteins are
more pronounced than those obtained from the point mutation repair experiments. In
order to delete the T7 lysozyme gene from plasmid pLysS, the same correction
oligonucleotide must anneal to a region of single stranded DNA at both the 5°- and
3’-flanking regions. However, in the point mutation repair, the oligonucleotide
anneals ﬁvith its complementary ssDNA sequence in one single annealing event, with
a centrally-positioned single base-base mismatch. It seems intuitive that the
efficiency (or probability) of the double annealing event occurring should be
substantially lower than the single annealing event. Consequently, there may be a
more pronounced difference, or drop in efficiencies obtained, going from the ‘best’
recombinase to the least effective one. Figure 74 shows the relationship between the
deletion efficiency of lambda-Bet versus the square of the efficiency obtained for the
Lambda Bet-mediated correction of the point mutation.

(50, 5%)

Previous biophysical studies combined with regions of homology shared

between the various Bet and RecT recombinases ©°®

suggests that the N-terminal ca.
200-220 amino acids contain all the amino acids essentially required for activity.
Consequently, a set of deletion truncations for several recombinases was created, and
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