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PROCESS FOR NUCLEIC ACID HYBRIDIZATION AND AMPLIFICATION

Field of the Invention
The present invention relates to methods for using
RecA protein(s) to catalyze DNA synthesis, repair and

amplification reactions.
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Background of the Invention

RecA+ protein (wild type) is a 38,000 dalton protein
found in the bacterium Escherichia coli, which is important
for homologous DNA recombination. Most information about
its biochémistry and enzymology comes from studies on puri-
fied RecA+ protein. Numerous in vitro studies have shown
that RecA+ protein is intimately involved in the pairing
reaction between homologous DNA sequences that ultimately
leads to homologous recombination events (see Cox et. al.
for a recent review of RecA+ protein properties). It is
this pairing reaction that makes RecA+ protein highly use-
ful for DNA diagnostics and therapeutics applications.

In the presence of ATP, RecA+ protein catalyzes strand
exchange between a number of substrates, the most relevant
for DNA probe applications being single- and double-stran-
ded DNAs. Single-stranded DNA (probe) interacts with the
homologous portion of the double-stranded ("native") target
sequences, initially by forming a recombination intermedi-
ate containing hybridized, partially joined molecules.
This is followed by branch migration, and forming of fully
hybrid molecules between the original single~ and double-
stranded DNAs, depending upon the extent of their homology.
This reaction results in a product that is a hybrid between
probe and target. Such hybrids can be easily detected
using, for example, radio-labeled, enzyme-labeled, chemilu-
minescently-labeled, phosphorescently-labeled or fluores-
cently-labeled probes.

The present application demonstrates the feasibility
of using RecA+ protein to facilitate and improve the effi-
ciency of hybridization reactions involving single-stranded
primer and complementary native double-stranded target se-
quences. In particular, RecA+ protein is particularly well
suited for many DNA probe applications because the double-
stranded target DNA does not need to be denatured (e.g., by
heating) before hybridization. Further, RecA+ protein is
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useful in facilitating the initiation and completion of DNA
chain elongation at DNA sequences that are either damaged
or difficult to denature.

Summary of the Invention

It is one object of the present invention to provide
a method of achieving RecA protein facilitated amplifica-
tion of a double-stranded DNA target sequence having first

and second complementary circular or linear strands, each

‘linear strand with 5’ and 3/ ends. The method involves

complexing a primer complementary to a 5/ end region of the
first strand and a primer complementary to a 5’ end region
of the second strand with RecA protein in the presence of
ATP-y-S. The complexed primers are then reacted in a mix-
ture also containing the target sequence, all four dNTPs,
RecA protein and DNA polymerase. The reaction is conducted
below the temperature required for thermal dissociation of
the two target strands and continued until a desired degree
of amplification of the target sequence is achieved.

The method of the present invention is particularly
useful when the target DNA has inhibitory secondary struc-
ture or otherwise amplification resistant regions.

During the course of the DNA synthesis reaction fur-
ther additions of DNA polymerase, RecA protein, and/or ATP-
y—-S may be made.

One embodiment of the present method includes that the
two primers are complementary to the same DNA sequence.
Another embodiment includes the use of primers containing
terminal 5’ sequences which are non-complementary to the
DNA target sequence. These non-complementary sequences may
include sequences coding for restriction endonuclease
recognition sites, capture sequences, reporter sequences,
RecA protein loading sequences, Z-DNA sequences or double-
stranded tails.
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An important advantage of the invention is use of the
method for the synthesis/amplification of physically or
chémically damaged DNA substrates.

A preferred embodiment of the invention includes that
the RecA protein is the protein product of the recA-803
gene.

The method of the present invéntion can also be used
to achieve synthesis or amplification of DNA by conducting
the DNA synthesis reactions at a constant temperature above
about 50°C and below the temperature required for thermal
dissociation of the target strands and their respective
primers. In this embodiment useful forms of the RecA pro-
tein and DNA polymerase can be obtained from Thermus
aquaticus.

The present invention further includes the cloning and
identification of the coding sequences for the RecA protein
of Thermus aquaticus.

The RecA coated primers of the present invention also
serve as useful probes in hybridization-based diagnostic
systems because of their enhanced ability to locate and
pair with complementary sequences and seguences in regions
of normally inhibitory secondary structure.

Brief Description of the Drawings

Figure 1 shows the results of the electrophoretic
separation of DNA binding reactions comparing the activi-
ties of RecA+ and recA-803 proteins.

Figure 2A shows the results of ATP hydrolysis reac-
tions comparing the ATPase activity of RecA+ and recA-803
proteins. Figure 2B shows the results of strand-transfer
reactions comparing the activities of RecA+ and recA-803
proteins.

Figures 3, 4A and 4B show the results of RecA+ pro-
tein/-double-stranded DNA binding assays.
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Figure 5 illustrates the effects of RecA+ protein and
single-strand binding protein on bulk DNA synthesis from
single-stranded DNA templates.

Figure 6 illustrates the effect of recA-803 protein on
bulk DNA synthesis from double-stranded linear templates.

Figure 7 shows the results demonstrating the RecaA+
protein enhancement of DNA synthesis from native lambda DNA
templates. .

Figurela shows the results demonstrating that the
enhancement of DNA synthesis by RecA+ protein does not
depend on the presence of single-strand binding protein.

Figure 9 shows the results demonstrating the depen-
dence of RecA+ protein catalyzed DNA synthesis on the
presence of specific primers.

Figures 10 and 11 show results demonstrating RecA+
protein catalyzed single temperature DNA amplification
reactions.

Figure 12 shows results demonstrating that RecA+
enhances product specificity in single temperature amplifi-
cation reactions.

Figure 13 shows the partial sequence of the Reca gene
of Aquaspirillum magnetotacticum.

Detailed Description of the Invention
I. Comparison of the DNA Binding and DNA Strand-transfer

Activities of RecA+ and RecA-803 Protein

One focus of the present invention is to provide
superior RecA+ protein catalysts to facilitate DNA hybrid-
ization and DNA synthesis reactions. Experiments performed
in support of the present invention suggested recA-803 pro-
tein to be a valuable candidate for such a catalyst. The
recA-803 mutant gene has been cloned and sequenced, and the
protein product over-expressed and purified (Madiraju et.
al.). This new recA mutant protein more efficiently forms
more stable recombination intermediates between target and



WO 91/17267

10

15

20

25

30

35

PCT/US91/02626

7

probe DNAs than wild-type RecA+ protein as judged by nitro-
cellulose filter binding assays (Madiraju et. al.). This
observation suggests that the DNA pairing efficiency of the
recA-803 protein, as measured by a nitrocellulose filter
binding assay, is significantly greater than that of the
wild-type RecA+ protein. Under certain conditions, the
mutant recA'protein catalyzes the pairing reaction with
faster kinetics and to a greater final yield than is usu-
ally achieved by the wild-type RecA+ enzyme.

Large quantities of mutant recA-803 protein have been
isolated from E. coli containing a plasmid (Dr. A. John
Clark, Dept. Mol. Biology (UC Berkeley) that over-expresses
the gene; approximately 40% of the total protein in the
bacterial cell is mutant recA-803 protein.

Example 1 (Figure 1) presents gel retardation assay
data to examine the relative DNA binding efficiencies of
RecA+ and recA-803 proteins. RecA+ or recA-803 protein is
reacted with the double-stranded linearized DNA of phiX174
under conditions allowing formation of protein/DNA com-
plexes. The reactions were split into two samples; half
of each sample was treated with a detergent, such as SDS,
to destroy the protein/DNA complexes. The treated and
untreated samples were run side-by-side on 0.7% agarose
gels (see Materials and Methods). A basis of the gel
retardation assay is that DNA/protein complexes migrate
much more slowly through the matrix of a gel. Figure 1,
lanes 7 and 8, illustrate untreated and treated samples,
respectively. Com-parison of lanes 3 (RecA+ protein) and
7 (recA-803 protein) clearly illustrates that, in compari-
son to RecA+ protein, recA-803 protein binds much more
efficiently to double-stranded linear phiX-174 DNA; similar
experiments with double-stranded plasmid or viral DNAs gave
identical results.

Example 2 presents data showing that recA-803 protein
is also a superior catalyst in comparison to RecA+ protein,
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in hydrolysis of ATP and in producing significantly greater
amounts of DNA strand transfer products. In the experiment
described in Example 2A, it is clear that the recA-803 pro-
tein exhibits significantly more DNA dependent ATPase acti-
vity than the RecA+ protein (Figure 2A). In Example 2B
single-stranded phiX-174 virion circular DNA was preincuba-
ted with recA-803 or RecA+ protein proteins for 10 minutes
at 37°C to form a Radding-type filament (Radding). The
double-stranded target was then added and the strands were
transferred with ATPyS as a cofactor. These results demon-
strate that recA-803 catalyzes a significantly greater
amount of strand-transfer product in comparison to RecA+
protein. The strand-transfer products appear as a discrete
band indicated by the arrow in Figure 2B. Comparison of
lanes 3 and 6 (RecA+ protein) to lane 8 (reca-803 protein)
illustrates recA-803 protein’s increased efficiency in
generating DNA strand transfer products. From this and
similar experiments the recA-803 protein appears to produce
about 5-7 fold more Form II strand-transfer products than
RecA+ protein.

The properties of increased ability to bind DNA and
increased efficiency in the catalysis of the strand-
transfer reaction make recA-803 protein a superior catalyst
for DNA synthesis, hybridization, diagnostics and therapeu-
tics applications. These desirable properties make recA-
803 protein an ideal catalyst to provide rapid and effi-
cient assays for hybridizing DNA probe sequences with
native double-stranded DNA targets in solution. Such
assays can make use of any separation system (Collins et.
al., Rigas et. al., Leahy et. al.) that differentiates
between non-hybridized probe (which remains single-strand-
ed) and hybridized probe target complex (which is partially
duplex or multi-stranded, i.e., containing double-stranded
regions with portions of single-stranded probe attached).
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The use of RecA protein catalyzed enhanced hybridiza-
tion with homologous sequences in DNA diagnostics elimi-
nates all the necessary laborious steps involved in the
usual denaturation of the target DNA and overcomes the
serious 1imitations posed by "snap-back" and other repeti-
tive sequences, which appear unamenable to denaturation
and, therefore, detection. 1In nature, functions of RecA+
protein most likely include facilitating DNA polymerization
or recombination through (i) regions of complex or unusual
secondary strucfure, or (ii) chemically or physically

damaged DNA seduences.

II. RecA Protein’s Enhanced Binding to Damaged DNA or DNA

having the Z Conformation
E. coli RecA+ protein is a major participant in the

recognition and subsequent repair of damaged DNA double-
helices. Certain physical and chemical agents, such as UV
light (Lu et. al.) and psoralen (Shi et. al.), which can
adduct and/distort pyrimidine bases in double-stranded DNA
conformation, are known to increase RecA+ protein binding.
RecA+ protein recognition of purine-adducted double-helical
DNA has not been examined previously. N-acetoxy-N-2-
acetylaminofluorene (N-AcO-AAF) is a potent mutagen and
model chemical carcinogen that covalently binds deoxygua-
nine residues yielding adducts primarily at the cC-8
position (Kriek). This modification causes extensive
topological changes and unwinding of the DNA helix by
inducing the rotation of the deoxyguanine base from the
anti to the syn conformation (Fuchs et. al., 1976). Energy
minimization studies suggest that this rotation may be
accompanied by insertion of the heterocyclic adduct into
the helix interior causing a bend in the helical axis
(Hingerty et. al.). Furthermore, covalent modification
with N-AcO-AAF induces a B - Z transition in duplex DNA of
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certain alternating purine-pyrimidine or other sequences
(Sage et. al., 1980, 1981; Santella et. al., 198la, 1981b;
and Wells et. al.).

Example 3 describes the results of RecA+ protein/dou-
ble-stranded DNA binding assays. Blaho et. al. have previ-
ously shown that RecA+ protein preferentially binds to bro-
minated or methylated linear synthetic Z-DNA compared with
the B~DNA polymers. The results of Example 3, presented in
Figure 3, illustrate a preferential binding to the bromina-
ted substrate, consistent with the results of Blaho et. al.
Further, the results in Figure 3 show that RecA+ binding to
the duplex synthetic DNA at neutral pH with ATPyS as a co-
factor i; enhanced by purine adduction with N-AcO-AAF. 1In
these and other similar experiments, increased N-AcO-AAF
adducts in the duplex DNA increased RecA+ protein binding
to the DNA duplex. Binding was proportional to the degree
of N-AcO-AAF adduction in the range of 5-20% N=-AcO-AAF
adduction.

The results in Example 4 (Figures 4A and 4B) clearly
illustrate RecA+ protein apparent sequence-specificity in
preferential binding affinities to the double-stranded
oligo-[d(C-A)ed(G-T)] relative to the duplexes generated
from oligo-[d(br’C-G)] or oligo-[d(C-G)]. RecA+ protein
shows sequence (Figures 4A and 4B) and conformation (Figure
3) specific binding preferences for these DNA duplexes.

RecA protein, accordingly, has valuable diagnostic and
therapeutic applications. If the target DNA has been
damaged or has unusual secondary structure, traditional
methods of DNA hybridization and/or synthesis may be
ineffectual. The results of the experiments presented in
Examples 3 and 4 illustrate the value of using RecA pro-
tein’s ability to promote binding to complex DNA and
complementary base pairing.
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III. Enhancement of In Vitro DNA Synthesis by RecA+ and

recA-803

Prior art DNA amplification methods are all based on
a three-step process involving DNA template denaturation,
primer hybridization, and primer extension by DNA polymer-
ase (Mullis, and Mullis et al.); the present invention
provides unique and valuable alternatives, utilizing RecA
protein catalysis. _

One new method of RecA protein catalyzed DNA amplifi-
cation involves incubating DNA target sequences and DNA
primers complementary to the target sequence with RecA+
protein or recA-803 protein in the presence of ATP or ATPyS
at 37°C. These conditions permit RecA-protein-catalyzed
Radding-type
D-loops or joint molecules between the primers and the tar-
get DNA. These stable RecA-catalyzed joint molecules are
elongated with the Klenow fragment of DNA polymerase I.

Example 5 describes the enhancing effect of RecA+ pro-
tein on DNA synthesis directed from a single-stranded
template. The data presented in Figure 5 shows the
enhancement of single-stranded DNA synthesis by RecA+ and
E. coli single-strand binding (SSB) proteins; the two pro-
teins appéar to have a synergistic effect. Synthesis on
phix-174 single-stranded circular DNA templates was
enhanced by coating the primers with RecA+, thus generating
a Radding-type filament. Inclusion of E. coli SSB protein
in the reaction also enhanced single-stranded DNA directed
DNA synthesis as measured by incorporation of [*H]4GTP into
high-molecular-weight (cold TCA insoluble) DNA.

The effect of RecA protein on DNA synthesis from a
double-stranded DNA (dsDNA) template was also examined
(Example 6). The data presented in Figure 6 shows recA-803
protein-enhanced DNA synthesis from a double-stranded

template using 18-mer primers. The primers were reacted
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with recA-803 protein (3 uM) for 5 minutes at 37°C to form

filaments before addition of the dsDNA. Following an
additional 5-minute incubation, Klenow large fragment of E.
coli DNA polymerase I was added. RecA-803 protein signifi-
cantly enhanced DNA synthesis as judged by increased incor-
poration of [¢-¥S]dATP into high-molecular-weight DNA.

Examples 5 and 6 show that the rates and extent of DNA
synthesis can be significantly enhanced by primers coated
with RecA+ or recA-803.

'Example 7 demonstrates that RecA protein is able to
enhance DNA synthesis from native lambda viral DNA tem-
plates. In Example 7 the reactions were assembled at room
temperature- without the primers. RecA+ protein was
incubated with the two 25-mer single-stranded primers
(PCRO1 and PCRO2, Table 1). Next, ATP-y-S and SSB prbtein
were added to the reaction, followed by the native A DNA
template. Reactions were incubated in a 37°C heat block
and equilibrated at 37°C for 3 minutes prior to the addi-
tion of Klenow DNA polymerase. Following the initiation of
the reaction by the first addition of Klenow, subsequently,
at ten-minute intervals over the 80 minute time course, an
additional 1.0 unit of fresh Klenow polymerase was added.
Reactions were sampled and the amount of newly synthesized
DNA was measured. The data presented in Figure 7 shows that
native A DNA synthesis is enhanced by including RecA+ pro-
tein and ATPyS in long-term (72-hour) reactions catalyzed
by Klenow DNA polymerase at a single temperature, 37°C.
The enhancement of DNA synthesis is evidenced by enhanced
ethidium bromide binding and staining of DNA products
separated by electrophoresis on 0.7% agarose gels.

Example 7 presents data showing that the ability of
RecA protein to enhance DNA synthesis on dsDNA templates is
not dependent on the presence of SSB protein. The data

presented in Figure 8 shows DNA synthesis in the absence of
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SSB protein (lane 1) and further demonstrates RecA+ pro-
tein’s ability to enhance DNA synthesis in short term reac-
tions (8 successive additions of polymerase every 10 mi-
nutes for 80 minutes).

The primer dependent nature of the RecA protein cata-
lyzed DNA sypthesis is described in Example 8. The data
presented in Figure 9 shows enhanced native DNA synthesis
in polymerase reactions with exonuclease free (US Biochemi-
cals) ‘double mutants of the Klenow large fragment of E.
coli DNA polymerase I only in the presence of RecA+ protein

and primers.
A 500-bp DNA template was enzymatically synthesized

(Amplitaq® kit, Perkin-Elmer-Cetus) using PCRO1 and PCRO2

primer pairs (Table 1). This double-stranded product was
used as a simple 500-bp template with 40-mer primers PCRO1
and PCRO2 (Table 1) for DNA synthesis reactions. The reac-
tions were incubated for 17.5 hours at 37°C using exonucle-
ase-free double mutants of the Klenow large fragment of E.
coli DNA polymerase I. The data presented in Figure 10
(Example 9) (lane 4) shows a band of newly synthesized DNA
products with an electrophoretic mobility and molecular
weight matching the 500-bp native A DNA template. The syn-
thesis of these DNA products was absolutely dependent on
the addition of RecA+ protein to the reaction. Under the
same conditions, reactions supplemented with both RecA+
protein and SSB proteins produced other lower-molecular-
weight products (lane 5). This result suggested that the
DNA synthesis product is more heterogeneous when SSB pro-
tein is present; that is, the protein is having a negative
effect in terms of specificity although bulk DNA synthesis
may be improved in the presence of SSB protein.

In another experiment, 500-bp DNA products were syn-
thesized from 500-bp 4 DNA templates with the 25-mer primer

pairs (Example 9). Table 2, presented in Example 9, summa-
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rizes a number of reaction conditions under which the RecA+
protein’s ability to catalyze DNA synthesis has been
tested. The results of the reactions are presented in
Figure 11. 1In general, the enhancing effects of RecaA pro-
tein depend on the RecA protein concentration, the pro-
tein/DNA ratio, the time of incubation, and the presence of
the specific primer pairs at the appropriate concentrations
(lane 7).

Hybridization of a radiolabeled probe, specific for
the 500 base péir 4 template, to products of a Klenow
single-temperature DNA amplification reaction catalyzed by
RecA+ shows that RecA+ enhances true product synthesis
(Example 9C). The data shown in Figure 12 demonstrates
that significant amplification of the 500 base pair tem-
plate occurred only in the reaction which contained RecA+
and ATPyS and lacked SSB protein (Lane 3).

The method of the present invention permits the syn-
thesis and amplification of native duplex, i.e. non-
denatured, target DNA sequences, in solution, using RecaA-
catalyzed target hybridization with homologous oligonucleo-
tide primer sequences. This hybridization reaction posi-=
tions the primers for subsequent extension by DNA polymera-
ses. The reaction is a two-step process and requires opti-
mization of both steps of the reaction: (i) the primer
hybridization; and, (ii) the primer extension.

Target DNA sequences can be obtained by a variety of
methods and from many sources, for example: (i) the
original target DNA sequence may be synthesized from a
single-strand nucleic acid template, such as single-strand
DNA or an RNA molecule, by standard procedures (Maniatis et
al.); and, (ii) the original target sequence may be ex-
tracted from a cell or tissue source. The target DNA se-
quence can also be present in a homogeneous mixture, i.e.,
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predominantly composed of target sequences, or a heteroge-
neous mixture, i.e., other sequences are present.

Initially, a primer complementary to the target se-
quence is reacted with the target DNA sequence under
conditions which allow the RecA protein to catalyze the
formation of joint-molecules between the primer and the
target DNA. This reaction is carried out with native DNA
substrates, i.e., the DNA strands are not heat~denatured.
The multi-stranqed structures, whose formation are cata-
lyzed by RecA protein, are elongated using the Klenow
fragment of DNA polymerase I in the presence of nucleotide
triphosphates. RecA protein topologically prepares the
hybrid DNA for DNA polymerase elongation.

In subsequent rounds of amplification, free primers
complementary to the existing target DNA strands can either
bind to an original strand or to the new strand. Once
hybridized these complexes are then elongated using DNA
polymerase as described above. The process is repeated and
the target sequence is synthesized, thus amplified, many
times. After a few rounds of amplification, the native
target seqguence can be detected using a labeled single-
stranded DNA probé driven by mass action hybridization
and/or by RecA protein/probe complexes in hybridization
reactions catalyzed by the RecA protein. Alternatively,
the reaction can be allowed to proceed for many rounds,
providing an amplified product which can be visﬁalized, for
example, by electrophoretically resolving the separated
reaction components on an agarose gel, followed by staining
the separated DNA in the gel with ethidium bromide.

The advantage of using RecA+ and recA-803 proteins in
DNA amplification and DNA synthetic reactions is that these
proteins strongly facilitate efficient hybridization of the
single-stranded DNA primer to target DNA sequences. Fur~
ther, these proteins prepare the DNA primer-native-target
complex topologically for extension. Because of the topo-
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logical effects of RecA protein, cellular DNA polymerases,
such as Klenow fragment of E. coli DNA polymerase I, can
elongate the primer as the template strand is unwound.
This reaction is simpler than amplification reactions which
require heating to provide single strand templates and
cooling to allow hybridization of the primers.

Accordingly, one major use of these RecA enhanced DNA
synﬁheses,is to amplify normal, light-damaged, or chemical-
ly-damaged DNA sequences using RecA-catalysis to properly
position primers on their homologous targets for subsequent
extension by DNA polymerases. Another advantage of the use
of RecA protein-catalyzed DNA synthesis is the elimination
of the requirement for multiple cycles of high-temperature
thermal aenaturation and renaturation (Saiki et al.).

A second important application, as discussed above, is
the ability of RecA protein to topologically prepare DNA
for DNA synthesis; in particular, DNA having conformations
or secondary structures which are difficult to synthesize
or amplify by traditional methods, such as heat denatur-
ation.

A third important use of these RechA protein-catalyzed:
reactions takes advantage of the ability of the RecA pro-
tein/DNA primer complexes to efficiently find complementary
sequences. The protein/primer complexes can, for example,
be used as probes in diagnostic assays which depend on the
identification of sequences in a sample based on their
complementarity to the primer. The bound complex can then
be stabilized and identified by a variety of methods, such
as by antibodies directed against the recA-803 protein.

IV. oOther Useful Proteins having the Activities of RecA

Protein

In the present invention RecA protein refers to a
family of RecA-like proteins all having essentially the
same functions, particularly: (i) the protein’s ability to
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properly position primers on their homologous targets for
subsequent extension by DNA polymerases; (ii) the ability
of RecA protein to topologically prepare DNA for DNA
synthesis; and, (iii) the ability of RecA protein/DNA
primer complexes to efficiently find and bind to complemen-
tary sequences. The best characterized RecA protein is
from E. coli; in addition to ihe wild-type protein a
number of mutant recA proteins have been identified (eg.
recA-803). Further, many organisms have such RecA-like
proteins (see below).

Another application of RecA protein catalyzed DNA
synthesis is use in enhancing DNA polymerase amplification
reactions at a constant elevated temperature using a heat-
stable DNA polymerase. Heat-stable DNA polymerases have
been isolated from a variety of sources, including}
Thermus aquaticus (U.S. Biochemicals), Bacillus stearo-
thermophilus, Sulpholubus, or Pyrodictium. Generally the
activities of these enzymes are heat-stable up to about
95°C. A system such as this may allow amplification of DNA
sequences having strong inhibitory structures or DNA se-
quences known to produce artifacts (McConlogue et alj;
shuldiner et al.). E. coli RecA protein has a half-life of
minutes at 52°C and, accordingly, is too heat-sensitive for
use at elevated temperatures; accordingly, a heat-stable
RecA protein is required. A heat-stable RecA protein needs
to retain its activity over essentially the same tempera-
ture range as the DNA polymerase with which it is being
used (eg. up to about 95°C).

In experiments performed in support of the present
invention, the RecA protein from Thermus aquaticus has been
identified and the gene encoding it cloned. Southern blot
analysis of Thermus aquaticus genomic DNA was performed
using the Aquaspirillum magnetotacticum RecA gene as a
probe (Example 10). The Agquaspirillum magnetotacticum gene
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is unusually G-C rich and is likely a better match for the
T. aquaticus RecA gene than the E. coli RecA gene. Single
DNA bands were identified, by hybridization with the probe,
in each of the fbllowing digests: 12-15 kb, BamHI; 5 kb,
HindIIT; and 1.5 kb, SstI.

To clone the T. aquaticus RecA gene, genomic DNA was
purified from T. aquaticus, cut with the .restriction
endonuclease BamHI (Maniatis et al.), and then cloned into
the EMBL Lambda cloning system (Promega). The large BamHI
fragment (15kb) containing the T. aquaticus RecA gene from
T. aguaticus was isolated from a phage DNA-containing clone
which strongly hybridized to the probe under stringent
conditions of hybridization washing. The gene is being
subcloned into M13 vectors for complete sequencing. The
gene is also being subcloned into Protoclone™ lambda gtll
vectors (Promega) for expression and identification of the
RecA protein.

The ability of the T. aquaticus RecA protein to
improve the length of the tafget and the final yield of the
products in DNA amplification reactions is tested as
described above for RecA proteins. In particular, tem-
plates having significant secondary structures are used as
targets, such as human tRNA genes and the cluster of 21
tRNA genes found in a 2.5-kbp fragment of DNA from Bacillus
subtilis (Green et al.).

The following examples illustrate, but in no way are
intended to limit, the present invention.

Materials and Methods
DNAs and Enzymes

Synthetic polymers, including poly-[d(C-G)] and poly-
[d(br’C-G) ], were synthesized enzymatically with DNA poly-
merase from poly-[d(I-C)] templates (Pharmacia) and charac-
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terized as described previously (Zarling et. al., 1984a;
1984b; Zarling et al. 1990). Poly-[d(C-A)ed(G-T)] was pur-
chased from Pharmacia-P.L. Polynucleotides were sonicated
to an average size of 550 base pairs (bp) as determined by
agarose gel electrophoresis to generate oligonucleotides.
Polynucleotide end-labeling was as described by Silberklang
et. al. Restriction endonucleases were obtained from a va-
riety of commercial sources (eg., New England Biolabs, and
Boehringer Mannheim.

‘Purified wild-type RecA+ protein and restriction endo-
nucleases were purchased from Pharmacia. RecA+ protein was
stored at -70°C in 20 mM Tris-HCl1l (pH=7.5), 0.1 mM EDTA, 0.1
mM dithiothreitol (DTT), in a final concentration of 50%
(v/v) glycerol. M13mpl8 DNA and ATP-y-S5 were obtained from

Boehringer Mannheim.

Agarose Gel Electrophoresis of Protein-DNA Complexes

Reactions were terminated by the addition of TBE
buffer (90 mM Tris-HCl, 90 mM boric acid, 2.8 mM EDTA,
pH=8) containing 0.25% bromphenol blue and 0.25% xylene
cyanol all in 50% glycerol (v/v).

All samples were analyzed on 0.7% agarose gels rou-
tinely run in 1 X Tris-borate-EDTA buffer (Maniatis et.
al.). When the samples were protein/DNA complexes, agarose
gels were electrophoresed at 4°C for approximately 2-3 hours
at 90 volts. DNA bands were visualized by staining the gel
in 4 pg/ml ethidium bromide, destaining the gel in distilled

water, and then photographing the gel using an ultra-violet

light source.

Source of the DNA Primers

Primers were either purchased (eg., the primers in
Table 1 are obtained from Cetus Perkin-Elmer) or prepared
using commercially available automated oligonucleotide
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synthesizers. Alternatvely, custom designed synthetic

primers may be purchased, for example, from Synthetic
Genetics (San Diego, CA).

Example 1
Comparison of RecA-803 and RecA+ wild-tvype proteins
Binding

Efficiencies to DNA substrates
This example describes the results of DNA binding
reactions comparing the activities of RecA+ and recA-803
proteins.

Reactions were assembled in a volume of 0.01 ml con-
taining: 10 mM Tris acetate buffer (pH =7.5 at 37°C); 2 mM
magnesium acetate; 1 mM dithiothreitol; 50 mM sodium
acetate; 5% glycerol (added as 10X buffer); 1.6 mM ATP-y-S;
0.05 pg phiX174 as circular virion DNA; and either 34.3 M
(Figure 1, lanes 2, 5, and 6) or 17.1 gM (Figure 1, lanes
3, 4, 7 and 8) of RecA+ or recA-803 proteins. The reaction
mixtures were equilibrated for 10 minutes at 37°C. The
concentration of magnesium was then increased to a final
concentration of 12 mM by addition of 0.2 M magnesium
acetate. 0.4 ug of XhoI digested phiX174 linear double-
stranded DNA (form II DNA) and an appropriate volume of 10X
buffer was then added to the mixture resulting in a final
reaction volume of 20 pl. After 30 minutes of incubation
at 37°C, all reactions were divided into 2 equal aliquots of
which one was treated with proteinase K (10 mg/ml) for 15
minutes at 37°C (lanes 2, 4, 6, and 8). The untreated
samples corresponding to lanes 1 and 2 of Figure 1 are not
shown.

Comparison of lanes 3 and 7 (Figure 1) clearly demon-
strates that at equal protein concentrations RecA+ protein
binds less double-stranded target DNA than recA-803 pro-
tein.
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Example 2
Comparison of the ATPase Activities of RecA+ and RecA-803
and Their Abilities to Catalyze Strand-transfer Reactions
This example describes the results of ATPase and
strand—transfer reactions comparing the activities of RecA+
and recA-803 proteins.
A. ATPase Activity Reactions
The ATPase activities of equal concentrations of RecA+

and recA-803 were compared. Reactions were carried out in
a total volume of 18 ul of buffer containing 35 mM Tris-HCl
(pH=7.5), 6.7 mM MgCl,, 2 mM dithiothrietol, 100 xg/ml
bovine serum albumin (BSA), 1.4 mM ATP, 0.002 zM [y-P]-ATP.
To these reaction mixtures RecA or RecA803 protein was
added in the presence or absence of 50 gM single-stranded
phiX174 phage DNA.

The reactions were incubated at 37°C for 30 minutes in
0.6 ml microcentrifuge tubes. The reactions were terminat-
ed by chilling to 0°C followed by the addition of 12 x4l of
25 mM EDTA containing 3 mM each of unlabelled ATP, ADP and
AMP as carrier. A 10 yl aliquot of each reaction was then
spotted onto plastic-backed TLC sheets of PEI-cellulose F
(Pharmacia) and the TLC sheets developed in a solvent
containing 0.5 M LiCl and 0.25 M formic acid. Radioactive
products were visualized by autoradiography. The areas
corresponding to the liberated inorganic phosphate were
scraped off of the TLC sheets and counted in a scintilla-
tion counter. Thé percent of hydrolysis was calculated by
dividing the cpm of the product by the total cpm of the 10
ul sample.

Figure 2A shows the results of the above reactions.
Neither recA-803 (open diamonds) nor RecA+ (closed sgquares)
have significant ATPase activity in the absence of DNA.
However, RecA-803 protein (closed diamonds), in the
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presence of DNA, has superior ATPase activity when compared
with RecA+ protein (open squares). '

B. Strand-transfer Reactions

Reactions were assembled in a volume of 0.01 ml as in
Example 1 with the following exceptions: 0.3 pg phiX174
single-stranded circular virion DNA was used instead of
0.05 ug; and, 34.3 M of RecA+ or recA-803 proteins were
used in all reactions.

After 30 minutes of incubation at 37°C, the reactions
were divided in half and SDS was added to a final concen-
tration of 0.5% to one-half of each sample. Gel loading
dye (50% glycerol, 50% TEB, 0.25% bromphenol blue, 0.25%
xylene cyanol; Maniatis et al.) was added to all the
samples. The samples were electrophoresed for 3 hours at
7.6 V/em in a standard 0.7% agarose gel, prepared as
described above. DNA bands were visualized by staining
with ethidium bromide.

The reactions in lanes 3, 4, 5, and 6 (Figure 2B)
contained RecA+ protein, whereas lanes 7 and 8 (Figure 2B)
contained recA-803 protein. Lanes 1 and 2 contained no

RecA+ protein. Lanes 3, 6, and 8, were samples treated
with SDS. The two bright bands in lane 1 correspond to the
substrates of the reaction. Complete strand-transfer

results in the formation of double-stranded nicked circular
DNA (Form II); strand-transfer products are indicated by
the arrow in Figure 2B.

Example 3
Increased Binding of RecA+ Protein to oligo-[d(br’c-G)]
and to N-acetoxy-N-2-acetylaminofluorene Modified DNA
This example describes the results of RecA+ protein/-
double-stranded DNA binding assays which indicate the

increased ability of the RecA+ protein to bind to light-
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damaged DNA, chemically-damaged DNA or DNA having the
z-conformation.

A. Preparation of Adducted DNA

N-acetoxy-N-2-acetylaminofluorene (obtained from Dr.
Frederick Beland, National Center for Toxicological
Research, Jefferson, Arizona) was stored at -20°C. Adduc-
tion reactions were performed in a total reaction volume of
50 y1 and contained the following reagents: 2.5 pg of DNA
(either oligo-{d(br’c-G)] or oligo-[d(C-G)]); O to 200 mM
N-acetoxy-N-2~-acetylamino-fluorene (N-AcO-AAF); 50 mM
NaCl; and, 5 mM Tris-HCl, pH=7.5. The reactions were
performed for 10 minutes at 25°C in the dark. Unbound N-
AcO-AAF was removed by extraction with 20 volumes of ice-
cold anhydrous diethyl ether. The adducted DNA was then
ethanol precipitated and extensively dialyzed against 10 mM
Tris-HCl, 1 mM EDTA, pH=7.5. The extent of modification of
each reaction was determined from the BA;;/3y ratio as
described by Fuchs et. al. (1972), using an extinction
coefficient of e 18,000 for N-AcO-AAF. DNA having 5-20%
adduction of N-AcO-AAF was used in subsequent reactions.

B. RecA+ protein Binding Assays

The DNA substrates used in the binding assays were
end-labelled using adenosine [y-P®2] triphosphate (New
England Nuclear) by the method of Silberklang et. al. The
binding reactions had a total volume of 50 pl and contained
the following: 0.57 yM of oligo-[d(br’c-G)] or oligo-[d(C-
G)]; 0.33 uM RecA+ protein; TEA buffer (25 mM triethanol-
amine, pH=7.5, 1.0 mM dithiothreitol, and 5.0 mM MgCl,);
and 20 gM ATP-y-S. The reactions were initiated by the
addition of the RecA+ protein at 37°C and incubated for the
time periods specified in Figure 3.

211 reactions were terminated by filtration on nitro-
cellulose membrane filters (Millipore, Millititer™-
STHA09610), which were pre-wetted with double distilled
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water and primed with TEA buffer prior to sample filtra-
tion. Filters were washed 6 times with TEA buffer, dried
under a heat lamp, and immersed in Aquasol-2 (DuPont, New
England Nuclear); The radioactivity retained on each
filter was measured using a liquid scintillation counter
(Hewlett Packard Model 2000CA). Under these conditions the
retention of protein-bound-DNA by the nitrocellulose was
approximately 50% efficient. ‘

' Figure 3 illustrates the results of the DNA binding
assays. The symbols in Figure 3 represent the following
DNA substrates: open squares, oligo-{d(br’c-G)]; closed
squares, N-AcO-AAF adducted oligo-[d(br’c-G)]; open
triangles, oligo[d(C-G)]; closed triangles, N-AcO-AAF
adducted oligo[d(C-G)].

Figure 3 shows the increased binding of RecA+ prdtein
to chemically modified (N-AcO-AAF adducted) DNA relative to
unmodified DNA; further, the fiqgure illustrates the in-
creased binding of RecA+ protein to oligo-[d(br’c-G)],
having a Z-DNA conformatioh, relative to oligo[d(C-G)],
having-a B-DNA conformation.
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Example 4
Preferential binding of RecA+ protein to double-stranded
oligo-[d(C-A)ed (G-T)] relative to either oligo[d(C-G)] or

oligo-[d(br’c-G) ]

This example describes the results of DNA binding
assays which'demonstréte the preferential binding of RecA+
protein to certain double-stranded DNAs containing alterna-
ting = sequences of purines and pyrimidines [e.qg.,
(PuPyPuPyPuPyPuPy),]. ,

A. Constant RecA+ Protein/DNA Concentration (Figure

4A)
The DNA binding reactions had a total volume of 50 pl

and contained the following components: 0.35 yM RecA+ pro-
tein; 0.7 M DNA (molecules) substrate; TEA buffer (see
above); and 20 gM ATP-y-S. The reactions were carried at
20°C and terminated by filtration of the protein/DNA com-
plexes on nitrocellulose filters (described in Example 3)
at the time points illustrated in Figure 4A.

B. Constant DNA Concentration with Increasing RecA+
Protein Concentration

The DNA binding reactions had a total volume of 50 pl
and contained the following components: 0 to 5.0 uM RecA+
protein; 1.0 yM DNA substrate (molecules); TEA buffer (see
above); and 20 pgM ATP-y-S. The reactions were carried at
20°C for 20 minutes and terminated by filtration of the pro-
tein/DNA complexes on nitrocellulose filters (described in
Example 3).

The DNA substrates used in the above reactions were as
follows for Figures 4A and 4B: open squares, oligo-[d(C-
G) ]; closed squares, oligo-[d(br’c-G)]; and, open triangles,
oligo-[d(C-A)ed(G-T)].

Figures 4A and 4B clearly illustrate the binding pre-

ference of RecA+ protein to the following sequences of
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alternating purines and pyrimidines, in decreasing order of
preference: double stranded oligo-[d(C-A)e[d(G-T)], having
the right-handed B-conformation; oligo-[d(br’C-G)], having
the left-handed Z-conformation; and, oligo-[d(C-G)] having
the right-handed B-conformation.

Example 5

RecA+ Protein Enhancement of DNA Synthesis on Single=--
Stranded

Circular DNA Templates

This example describes the results demonstrating an
enhancing effect of RecA+ protein on bulk DNA synthesis
from a single-stranded template.

The 24-mer primer (A (AGCGGATAACAATTTCACACAGGA) ] was
coated with RecA+ and protein using ATP-y-S. The coated
primer was added to M13mpl8 single-stranded DNA in a
reaction mixture containing rATP; the RATP regenerating
system PEP/PK (Boehringer Mannheim); dNTPs and [*H]dGTP (New
England Nuclear); E. coli single-strand binding (SSB) pro-
tein (U.S. Biochemical Corporation). The total reaction
volume was 26.25 pl. These conditions were varied by the
presence or absence of RecA+ protein and SSB protein (see
Figure 5). After 4 minutes at 37°C, 0.5 units of the Klenow
large fragment of DNA polymerase I (New England Biolabs)
was added.

Reactions were incubated at 37°C and sampled at §
minute intervals for 15 minutes. Reaction samples were
collected by cold 5% Trichloroacetic acid precipitation of
the S’H-labeled DNA and filtration on glass filters
(Schleicher and Schuell, Inc.). The amount of [’H]dGTP
incorporated into newly synthesized high-molecular-weight
DNA was determined by counting the glass filters in a
toluene-based scintillation mix wusing a Packard P2000
liquid scintillation counter.



WO 91/17267 ‘ 7 PCT/US91/02626

10

15

20

25

30

27

The results of the reactions are presented in Figure
5. The components of the reactions were as follows: open
circles, DNA polymerase I; closed circles, DNA polymerase
I and SSB protein; open squares, DNA polymerase I and RecA+
protein;'and, the closed squares, DNA polymerase I, RecA+
protein, and SSB protein.

The results illustrated in Figure 5 show that the
addition of RecA+ protein in the absence of SSB protein
improves bulk DNA synthesis. Further, there appears to be
a synergistic effect of SSB protein and RecA+ protein on
DNA synthesis from a single-stranded circular template.

Example 6
RecA-803 Protein Enhanced DNA Synthesis on Linear Double
-Stranded DNA Templates

This example describes the results demonstrating the
enhancement of bulk DNA synthesis by RecA+-803 protein.

The double-stranded linear template for these reac-
tions was plasmid pJC801-886, containing the coding se-
quences for the E. coli RecA gene, cut with restriction

endonuclease SalI resulting in an 8 kilobase (kb) linear

fragment.
The following RecA gene-specific primers were used:
primer A [d (ATGCGACCCTTGTGTATC) ]; and, primer B

[d (GTGGTGGGTAGCAAACC) ]. The primers were coated with RecA+
protein (3.0 M), in 30 mM Tris-acetate, 60 mM sodium
acetate, 10 mM Mg acetate, further containing the PEP/PK
(Boehringher Mannheim) rATP regenerating system, for 5

minutes at 37°C.
The DNA synthesis reactions were performed in a total

reaction volume of 32 xl. The reactions contained 0.5ug
pJC801-886, 0.6 uM each of primers A and B, 30 mM Tris-ace-
tate, pH=8.3, 60 mM Na acetate, 10 mM Mg acetate, the ATP
regenerating system described in Example 5, dNTPs, and [o-
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¥S]AATP. Five units of Klenow DNA polymerase I were added.
Reactions were incubated at 37°C for 30 minutes and sampled
at the time points indicated in Figure 6. Reaction samples
were collected by cold 5% Trichloroacetic acid precipita-
tion of the ¥s-labeled DNA and filtration on glass filters
(Schleicher and Schuell, Inc.). The amount of [¥S]dATP
incorporated into newly synthesized high-molecular-weight
DNA was determined by counting the glass filters in a
toluene-based scintillation mix wusing a Packard P2000
liquid scintillation counter.

The results illustrated in Figure 6 (open squares, in
the absence of recA-803 protein; and closed squares, in
the presence of recA-803 protein) clearly demonstrate the
enhancement of bulk DNA synthesis from a linear double-

stranded template in the presence of recA-803 protein.

Example 7
RecA+ Protein Enhanced DNA Synthesis on Native Linear
Lambda DNA Templates
This example describes the results demonstrating the
RecA+ protein enhancement of DNA synthesis from native
lambda DNA templates using 25-mer primers.

A. Preparation of RecA+ Protein/Primer Complexes

The following primers were used for the DNA synthesis
reactions:

Table 1

Primer or Probe Nucleotides A _DNA Seguence

1 PCRO1-25 mer 7131-7155 (5’ )GATGAGTTCGTGTCCGTACAACTGG(3')
2 PRC02-25 mer 7606~7603 (5‘)GGTTATCGAAATCAGCCACAGCGC (3 ')

3 PRC0O1A-40 mer 7131-7170 (5')GATGAGTTCGTGTCCGTACAACTGGCG-
TARTCATGGCCCT(3')

4 PRCO22-40 mer 7591-7630 (5’ )GGTTATCGARARTCAGCCACCAGCGCCTC-
CCGTTATTGCATT(3")
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The primer sequences (Cetus-Perkin Elmer, Norwalk, CT)
were derived from the lambda viral DNA sequence. The lamb-
dé viral genome is approximately 48.5 kb. The DNA segment
targeted by the primers is 500 base pair (bp), including
the primer sequences, which is about 1% of the total lambda
genome.

RecA+ protein was bound to the single-stranded DNA
primers under the following conditions: 0.66 yM RecA+ pro-

tein was incubated with 1 gM final concentration of each

~ primer (2 uM total). The reaction mixture was incubated for

10 minutes at 22°C. RecA+ protein was effectively bound to
the single-stranded primers under these conditions as
evidenced by gel retardation of the primer/RecA+ protein
complexes.

After the 10 minute incubation, the RecA-primer mix-
ture was added to the reaction mixture (10 mM Tris-HC1,
pH=7.5; 50 mM NaCl; 10 mM MgCl,, 750 uM dNTPs final concen-
tration, 10% DMSO final concentration). Next, 1 gM final
concentration ATP-y~-S and 0.094 mM final concentration of
SSB protein was added to the reaction, followed by the
addition of 0.5 pg lambda viral genomic DNA (New England

Biolabs).
B. DNA Synthesis is Enhanced by the Presence of RecA+

Protein.

The above reaction mixtures were equilibrated at 37°C
for 3 minutes. DNA synthesis reactions were initiated by
the addition of 1 unit Klenow DNA polymerase I (Klenow).
The reactions were maintained at 37°C. Following the ini-
tial addition of Klenow, the reactions were supplemented
with 1 unit of Klenow at 10 minute intervals seven times
over the 80-minute course of the reaction.

The following specific reaction conditions were used
to examine the effect of the addition of the RecA+ protein
on the DNA synthesis reactions (Figure 7): (a) lane 1,
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‘eight successive additions of 0.66 uM RecA+ protein and

0.094 mM SSB protein at 10 minute intervals; (b) lane 2,
eight successive additions of 0.66 pgM RecA+ protein, 0.094
mM SSB protein, and 1 mM ATP-y-S at 10 minute intervals; (c)
lane 3, only the initial addition of RecA+ protein com-
plexed to the primers followed by eight successive addi-
tions of ATP-y-S and SSB protein; and, (d) lane 4, a control
reaction from which RecA+ protein, SSB protein, and ATP-y-S
were omitted. Lanes 5 and 6 contain lambda DNA (0.5yg) and
a sef of 1 kb DNA molecular weight markers (BRL), respec-
tively.

The products of the reactions were separated by elec-
trophoresis in a 0.7% agarose gel and the DNA bands visua-
lized by staining with ethidium bromide. The results are
illustrated in Figure 7.

Figure 7 shows that lambda DNA synthesis was enhanced
by the inclusion of RecA+ protein. The enhancement is in-
dicated by an increased concentration of DNA products in
the lanes containing RecA+ protein; as evidenced by en-
hanced ethidium bromide staining.

C. Enhancement of DNA Synthesis by RecA+ Protein is
Independent of Single-Strand Binding Protein.

The reaction conditions were as described in section
A above. The reaction mixtures were equilibrated at 37°C
for 3 minutes. DNA synthesis reactions were initiated by
the addition of 1 unit Klenow DNA polymerase I (Klenow).
The reactions were maintained at 37°C. Following the ini-
tial addition of Klenow, the reactions were supplemented
with 1 unit of Klenow at 10 minute intervals over the 80
minute course of the reaction. Each reaction received 8
units of Klenow including the initial addition of 1 unit.

The following specific reaction conditions were used
to test the effect of E. coli single-strand binding (SSB)
protein on DNA synthesis in the presence of RecA+ protein.
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The first reaction (lane 1, Figure 8) contained no SSB pro-
tein. The second reaction (lane 2, Figure 8) contained
0.094 yM SSB protein added to the reaction after the addi-
tion of the RecA+ protein primer. The third reaction was
a control reaction which contained neither RecA+ protein
nor SSB protein (lane 3, Figure 8). All the reactions
contained 1 mM ATP-y-S and were incubated at 37 °C for 80
minutes. .

‘At the end of 80 minutes 2.5 pgl of Proteinase K (50
pg/ul) were added to the reactions and the mixtures held at
37°C for 15 minutes. The DNA molecules were then separated
by agarose gel electrophoresis.

The results of the above reactions are shown in Figure
8. The samples loaded in each lane were described above.
Lane 4 contained a standard 1 kb molecular weight ladder
(BRL) . The appearance of large molecular weight products
in lanes 1 and 2 clearly demonstrates that the DNA synthe-
sis reaction is not dependent on the presence of SSB pro-
tein. Lane 3 does, however, indicate the reliance of the

reaction on the presence of RecA+ protein.

Example 8
RecA+ protein Enhances Primer Dependent DNA Synthesis at
37°C
This example describes the results illustrating the
dependence of the DNA synthesis reactions on the presence
of both RecA+ protein and the lambda-specific primers.
' The reaction conditions were essentially as described
in Example 7A with the following exceptions. The first
reaction contained RecA+ protein, but the primers were
omitted (lane 1, Figure 9). The second reaction contained

primers but no RecA+ protein (lane 2, Figure 9). The third
reaction contained both RecA+ protein and the primers (lane

3, Figure 9).
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The reaction mixtures were equilibrated at 37°C for 3
minutes. DNA synthesis reactions were initiated by the
addition of 1 unit of exonuclease-free E. coli DNA polymer-
ase I (a double mutant of the large Klenow fragment, the
enzyme is available from U.S. Biochemicals). The reactions
were maintained at 37°C. Following the initial addition of
polymerase, the reactions were each supplemented with
additional wunits of Klenow at ten minute intervals.
Reactions were incubated at 37°C for a total of 72 hours.
The 28yl samples were treated with proteinase K, as above,
before being loaded for electrophoretic separation.

As can be seen from lane 3, Figure 9, DNA synthesis
occurs only in the presence of RecA+ protein and the
lambda-specific primers.

Example 9
RecA+ Facilitated DNA Amplification at 37°C

The results in this example illustrate the enhancement
of DNA synthesis from a 500 bp lambda target seguence by
RecA+ protein.

A. The Effect of SSB protein

The reaction conditions were essentially as described
in Example 7A with the following exceptions. All the reac-
tions contained 0.5 pg of a 500 bp template, corresponding
to nucleotides 7131-7630 of the lambda genome which had
been purified from the product of a T. aquaticus DNA poly-
merase§I—catalyzed thermal amplification using lambda DNA

template (Mullis), replacing the native lambda genomic DNA.
The first two reactions contained no RecA+ protein (lanes

2 and 3, Figure 10). The third reaction contained 0.66 M
final concentration RecA+ protein and no SSB protein (lane
4, Figure 10). The fourth reaction contained 0.66 yM final



WO 91/17267

10

15

20

25

~ PCT/US91/02626

33

concentration RecA+ protein and 0.094 yM final concentration
SSB protein (lane 5, Figure 10).

The reaction mixtures were equilibrated at 37°C for 3
minutes. DNA synthesis reactions were initiated by the
addition of 1 unit of exonuclease-free E. coli DNA poly-
merase I (U.S. Biochemicals). The reactions were main-
tained at 37°C. Following the initial addition of polymer-
ase, the reactions were supplemented with 1 unit of Klenow
each 10 minutes for an additional 70 minutes. The time
course of the reaction was 17.5 hours. Samples were trea-
ted with proteinase K, as above, before being loaded for
electrophoretic separation.

As can be seen from Figure 10, there is no DNA
synthesis in the absence of RecA+ protein (lanes 2 and 3).
The 500 bp template was loaded in lane 1 as a standard.
The synthesis performed in the presence of RecA+ protein
(lane 4) shows a product band of comparable size to the 500
bp template. However, the synthesis performed in the
presence of RecA+ protein and SSB protein appears to

generate newly synthesized products smaller than the 500 bp
template (lane 5).

B. The Effects on DNA Synthesis of Each Component of

the Reaction Mixture
The reaction conditions were as described above in

this example. The following chart summarizes the reaction

conditions used. -
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Table 2

Reaction RecA™* SSB ATPyS 40-mer 25-mer 500 b-p

Lane Protein Cofactor Primers Primers Template
Klenow :

1 + + + - ++

2 + + + + - ++

3 + + - + - ++

4 + - + + - +-

5 +- - + + - -+

6 - - + - + ++

7 + - + - + ++

8 + + + - + ++

9 - - + - ++

10 - + + - +=

The concentrations of these components in the reaction
mix were as follows: 0.66 yM RecA+ protein; 0.094 M SSB
protein; 1 uM ATP-y-S; 2 uM 40-mer primers; 2 M 25-mer
primers; 0.5 pg 500 bp template; 1 unit/additions of 8 units
total exonuclease-free DNA polymerase I. The reaction
numbers correspond to the lane numbers shown in Figure 11.

As can be seen from the results displayed in Figure 11,
DNA synthesis is most effectively enhanced under the
reaction conditions given above for reaction 7; the
presence of RecA+ protein and ATP-y-S. Reaction 8 contained
the same components as reaction 7 with the exception that
SSB protein was also included. Comparison of lanes 8 and
7 illustrates that the preéence of SSB protein does not
enhance the effects of RecA+ protein and ATP-y-S on DNA

synthesis from a double-strand template.

C. RecA+ Enhances Specific Amplication In Single
Temperature Reactions.

All the reactions contained 0.5 ug of a 500 bp template,
corresponding to nucleotides 7131-7630 of the lambda genome
which had been purified from the product of a T. aquaticus
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DNA polymerase I-catalyzed thermal amplification using
lambda DNA template (Mullis), replacing the native lambda
genomic DNA. The reaction conditions were essentially as
described in Example 7A with the following exceptions:
reaction 1 contained ATP-y-S and lacked RecA+ and SSB pro-
tein (lanes 1, Figure 12); reaction 2 contained ATP-y-S and
SSB protein and lacked RecA+ protein (lane 2, Figure 12);
reaction 3 contained ATP-y-S and RecA+ and lacked SSB pro-
tein (lane 3, Figure 12); and, reaction 4 contained all of
the reaction components (lane 4, Figure 12).
Single-temperature DNA synthesis reactions were performed
essentially as described above in Example 7A. After 72
hours of incubation at 37°C, 16 wl aliquots from each
reaction were treated with protinease K (100 pg/aliquot) for
15 minutes at 37°C and then loaded onto a 0.7% agarose gel.
After electrophoretic seperation the DNA fragments were
transferred by standard protocols (Maniatis et al.) onto
hybridization transfer membrane (Hybond-N, Amersham). The
DNA was UV cross-linked (Stratalinker, Stratagene) to the
membrane. The UV-treated transfer membrane was hybridized
with 32p-end-labelled probe PCRO3A: PCRO3A (nucleotides
7351 through 7390 of the native lambda genome) is a 40-mer
corresponding to an internal DNA sequence of the 500 base
pair lambda template used in the above amplification
reaction. The membrane was then autoradiographed.
Hybridization of specific radiolabeled probe to products
of a Klenow single temperature RecA+ catalyzed amplifica-
tion reaction shows that RecA+ enhanced true product
synthesis. The autoradiograph (Figure 12) clearly demon-
strates that significant amplification of 500 base pair
product occurred only in the reaction which contained RecA+

and ATP-y-S and lacked SSB protein (Lane 3).
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Example 10
Identification and Cloning of the Thermus agquaticus RecA
Gene
This example 'describes the identification of the T.
aguaticus RecA gene by Southern hybridization analysis and
the subsequent cloning of the gene.

Genomic DNA was purified from T. aquaticus and was
digested with the following restriction enZymes:. BamHI,
HindIII, and SstI. The digested DNA was loaded onto a 0.8%
agarose gel, electrophoresed, and the DNA fragments
transferred to a nitrocellulose membrane (Maniatis et al.).
As a probe, the RecA gene from Aquaspirillum magneto-
tacticﬁm, which has a 61.6% homology to the RecA gene of E.
coli (A. Berson, M. Peters, and N. Waleh, all of SRI
International, personal communication) was used; A. mégne-
totacticum has codon usage similar to T. aquaticus. The
probe consisted of the sequence shown in Figure 13 plus an
additional 800 bases of uncharacterized genomic A. magneto-
tacticum DNA. The probe was radioactively labeled using
nick-translation (Bethesda Research Laboratories).

Southern hybridization was performed using standard tech-
niques (Maniatis et al., 1987) at 42°C in 20% formamide.
The hybrids were washed under stringent conditions at 55°C
in 0.1 x SSC and 0.1% SDS. The autoradiogram showed only
a single band for each restriction digest. The DNA bands
that hybridized to the probe were 12-15 kb, 5 kb and 1.5 kb
for the Bam HI, Hind IIT, and Sst I digests, respectively.

To clone this RecA gene, the above-described BamHI T.
aguaticus genomic DNA was cloned into the EMBL Lambda
cloning system (Promega). The resulting phage vectors were
plated and plaques generated. The phage DNA was trans-
ferred to nitrocellulose filters (plaque lifting, Maniatis
et al.). As described above the Aquaspirillum magnetotac-
ticum recA gene (Figure 13) was used as a probe for the
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Thermus aquaticus recA gene. The nitrocellose filters were
hybridized with the labeled probe. From a phage DNA-
containing clone which strongly hybridized to the probe
under stringent conditions of hybridization washing, a
5 large BamHI fragment (15kb) containing the T. aquaticus

RecA gene was isolated.
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IT IS CLAIMED:

1. A method of achieving amplification of a double-
stranded DNA target sequence having first and second
complementary strands, each strand with 5’ and 3’ ends,
comprising:

(a) complexing a primer complementary to a 5’ end region
of the first strand and a primer complementary to a 5/ end
region of the second strand with RecA protein in the
presence of ATP-y-S;

(b) reacting the complexed primers in a reaction mixture
also containing the target sequence, all four dNTPs, RecA
protein and DNA polymerase, said reacting performed below
the temperature required for thermal dissociation of the
two target strands and continued until a desired degree of
amplification of the target sequence is achieved.

2. The method of claim 1,-wherein the double~-stranded
target DNA has areas of inhibitory secondary structure.

3. The method of claim 1, wherein the double-stranded
target DNA is prepared by taking a single-stranded DNA
molecule and converting it to a double-stranded DNA
molecule by:

(a) complexing a primer complementary to a 5/ end region
of the single-strand with RecA protein in the presence of
ATP-y~-S;

(b)'~reacting the complexed primers in a reaction mixture
also containing the single-stranded target sequence, all
four dNTPs, and polymerase, to generate a complementary
strand to the single-stranded target sequence.

4. The method of claim 3, wherein the single-stranded
DNA has areas of inhibitory secondary structure.
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5. The method of claim 3, where the single-stranded DNA

molecule is a cDNA molecule.

6. The method of claim 1, where said reacting includes

further addition of polymerase.

7. The method of claim 1, where said reacting includes
further addition of RecA protein.

8. The method of claim 7, where said reacting includes
further addition of ATP-y-S or a mixture of dATP and ATP-y-

S.

9. The method of claim 1, wherein the two primers are

complementary to the same DNA sequence.

10. The method of claim 1, wherein the primers include
terminal 5’ sequences which are non-complementary to the

DNA target sequence.

11. The method of claim 10, where the non-complementary
sequences include sequences coding for restriction endonu-

clease recognition sites.

12. The method of claim 1, wherein the double-stranded
target DNA has been physically or chemically damaged.

13. The method of claim 1, wherein the RecA protein is

the protein product of the recA-803 gene.

14. The method of claim 1, wherein the polymerase is the
Klenow large fragment of E. coli DNA polymerase I and the

reaction is carried out at 37°C.
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15. A method of achieving synthesis and amplification of
a double-stranded DNA target sequence having first and
second complementary strands, each strand with 5’ and 3’
ends, comprising: '

(a) complexing a primer complementary to a 5’ end region
of the first strand and a primer complementary to a 5’ end
region of the second strand with heat-stable Reca protein
in the presence of ATP~y-S;

(b) reacting the complexed primers in a reaction mixture
also containing the target sequence, all four dNTPs, and a
heat-stable polymerase, said reacting performed above about
50°C and below the temperature required for thermal dissoci-
ation of the target strands and their respective primers;
and said reacting continued until a desired degree of
amplification of the target sequence is achieved.

16. The method of claim 15, wherein the heat-stable RecA
protein is the RecA protein of Thermus aquaticus.

17. _The method of claim 15, wherein the heat-stable DNA
polymerase is DNA polymerase I of Thermus aquaticus.

18. The method of claim 17, wherein the heat-stable RecA
protein is the RecA protein of Thermus aquaticus.
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