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1. Introduction
Variation coupled to selection is the hallmark of natural evolution.

Although there is no full agreement concerning the best way to create varia-
tion, mutation or recombination (1), computational simulation studies have
demonstrated the importance of homologous recombination in the evolution
of biological systems (2,3). As compared to random mutagenesis, recombi-
nation may be advantageous in combining beneficial mutations that have
arisen independently and may be synergistic, while simultaneously remov-
ing deleterious mutations.

The principles of natural evolution may be equally applied to the molecular
evolution directed by an experimenter. For example, natural random mutagen-
esis is commonly simulated by the use of error prone PCR, while natural
recombination is simulated by various in vitro recombination-based methods.
These directed evolution methods have been extremely effective in engineer-
ing proteins, metabolic pathways, and whole genomes with improved or novel
functions (4–6). The power of in vitro recombination was first demonstrated
by Stemmer in 1994 with the technique of DNA shuffling or sexual PCR (7,8),
in which DNA fragments generated by random digestion of parental genes
with DNase I are combined and reassembled into full-length chimerical prog-
eny genes in a PCR-like process. Since then, a number of in vitro recombina-
tion methods have been developed, including the staggered extension process
(StEP) recombination (9), random-priming in vitro recombination (RPR) (10)
and random chimeragenesis on transient templates (RACHITT) (11).

Here, we describe the method and protocol of random-priming in vitro
recombination (RPR). As illustrated in Fig. 1, RPR relies on the reassembly of
DNA fragments that are created by extension of random primers rather than by
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DNase I fragmentation as in DNA shuffling. Random primers such as random
hexamers are annealed to the template DNAs and then extended by a DNA
polymerase at or below room temperature. The resulting DNA fragments are
subsequently assembled into full-length genes by repeated thermocycling in
the presence of a thermostable DNA polymerase. RPR has several potential
advantages over DNA shuffling: (1) Since the random-priming DNA synthesis
is independent of the length of the DNA template, DNA fragments as small as
200 nucleotides can be primed equally well as large molecules such as linear-

Fig. 1. Schematic of random priming in vitro recombination (RPR). For simplicity,
only two DNA templates are shown. Random hexanucleotide primers are annealed to
the templates and extended by Klenow fragment to yield a pool of different sized
random extension products. After the removal of the oligonucleotides and the tem-
plates, the homologous fragments are reassembled into full-length chimerical genes in
a PCR-like process. The full-length genes will be amplified by a standard PCR and
subcloned into an appropriate vector.
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ized plasmids. This offers unique potential for engineering peptides or
ribozymes; (2) RPR allows the use of single-stranded DNA or RNA templates
and requires significantly less parental DNA than DNA shuffling; (3) In RPR,
mutations introduced by misincorporation and mispriming can further increase
the sequence diversity created by recombination; (4) RPR overcomes the draw-
backs of DNA shuffling associated with DNase I random fragmentation, such
as the potential sequence bias during the gene reassembly process and the req-
uisite complete removal of DNase I prior to reassembly.

2. Materials
1. DNA templates for random-priming synthesis (see Note 1).
2. dp(N)6 random primers (Pharmacia Biotech Inc., Piscataway, NJ) (see Note 2).
3. Oligonucleotide primers for amplification of the recombined genes (see Note 3).
4. Klenow fragment of E. coli DNA polymerase I (Boehringer Mannheim, India-

napolis, IN) (see Note 4).
5. dNTP mix: 5 mM of each dNTP.
6. 10X reaction buffer: 900 mM HEPES, pH 6.6, 100 mM MgCl2, 20 mM

dithiothreitol (DTT).
7. 10X cloned Pfu PCR buffer: 200 mM Tris-HCl, pH 8.8, 100 mM KCl, 100 mM

(NH4)2SO4, 20 mM MgSO4, 1% Triton X-100, and 1 mg/mL bovine serum albu-
min (Stratagene, La Jolla, CA).

8. 10X Taq PCR buffer: 100 mM Tris-HCl, pH 9.0, 50 mM KCl and 0.1% Triton X-
100 (Promega, Madison, WI).

9. Cloned Pfu DNA polymerase (Stratagene, La Jolla, CA).
10. Taq polymerase (Promega, Madison, WI).
11. Agarose gel electrophoresis supplies and equipment.
12. Microcon-100 filters and Microcon–3 or –10 filters (Amicon, Beverly, MA).
13. QIAquick PCR purification kit (Qiagen, Valencia, CA) or your favorite method.

3. Methods
1. Prepare DNA templates to be recombined using PCR amplification or restriction

digestion of plasmids containing the target sequences.
2. Combine 0.7 pmol of the template DNAs with 7 nmol of dp(N)6 random primers

in a total volume of 65 μL (see Note 5).
3. Incubate the mixture at 100°C for 5 min and transfer onto ice immediately.
4. Add 10 μL of 10X reaction buffer, 10 μL of dNTP mix, 10 μL of distilled water,

and 5 μL of the Klenow fragment of E. coli DNA polymerase I (2 U/μL) (see
Note 6).

5. Incubate the reaction mixture at 22°C for 3 h and then terminate the reaction by
placing the reaction tube on ice.

6. Run a small aliquot of the reaction mixture on an agarose gel. A faint, low
molecular weight smear (50–500 bp) should be visible. If not, continue to incu-
bate the reaction mixture at 22°C for an additional 2–3 h (see Note 7).
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7. Add 100 μL of ice-cold deionized water to the reaction mixture and purify the
random primed products from the templates, proteins, and large nascent DNA
fragments by passing the whole reaction mixture through a Microcon-100 cen-
trifugation filter at 500g for 10–15 min at room temperature (see Note 8).

8. Pass the flow-through fraction on either a Microcon–3 or –10 filter at 14,000g for
30 min at room temperature to remove the primers, fragments shorter than
30 nucleotides and unincorporated dNTPs. Recover the retentate fraction (~65 μL).

9. Combine 10 μL of purified fragments, 5 μL of 10X cloned Pfu buffer, 2 μL of
dNTP mix (5 mM of each dNTP), and 0.5 μL of cloned Pfu polymerase (2.5 U/μL)
and bring to a total volume of 50 μL in sterilized water (see Note 9).

10. Run the assembly reaction using the following program: 3 min at 96°C followed
by 40 cycles of 30 s at 94°C, 1 min at 55°C, 1 min + 5 s/cycle at 72°C and finally
7 min at 72°C (see Note 10).

11. Run a small aliquot of the reaction mixture on an agarose gel. A smear extending
through the size of the expected full-length gene should be visible. Otherwise,
run an additional 10–20 cycles, or lower the annealing temperature.

12. Combine 1 μL of the assembly reaction, 0.3–1.0 μM each primer, 10 μL of 10X
Taq buffer, 10 μL of 2 mM each dNTP and 2.5 U Taq/Pfu (1:1) mixture in a total
volume of 100 μL (see Note 11).

13. Run the PCR reaction using the following program: 96°C for 2 min, 25 cycles of
denaturation at 94°C for 1 min, annealing at 55°C for 1 min, and elongation at 72°C
for 1 min (see Note 12), followed by one final step of elongation at 72°C for 7 min.

14. Run a small aliquot of the reaction mixture on an agarose gel. In most cases, there
is only a single band at the correct size. Purify the full-length PCR product using
QIAquick PCR purification kit, or other reliable method. If there is more than
one band, purify the product of correct size using QIAEX II gel purification kit.

15. Digest the product with the appropriate restriction endonucleases, and ligate to
the desired cloning vector.

4. Notes
1. In most cases, double-stranded DNA templates are used, prepared from plasmids

containing the target sequences using standard PCR techniques. However, random
priming synthesis can also work for single-stranded DNA and RNA templates.

2. Random hexanucleotides are used for priming since they are long enough to form
stable duplexes with the templates and short enough to ensure random annealing.
While longer primers can also be used, annealing may not remain random for
short genes.

3. Primer design should follow standard criteria including similar melting tempera-
tures and elimination of self-complementarity or complementarity of primers to
each other. Free computer programs such as Primer3 at Biology Workbench
(http://workbench.sdsc.edu) can be used to design primers. Typically, primers
should also include unique restriction sites for subsequent directional subcloning.

4. The Klenow fragment is the large fragment of E. coli DNA polymerase I, which
lacks the 5' to 3' exonuclease activity of the full-length polymerase. There are
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two main reasons for its use: 1) the lack of the 5' to 3' exonuclease activity will
prevent the polymerase from removing bases from the primers, 2) it has a high
activity at low temperatures where annealing can be less specific and shorter
primers can be utilized (both enhancing random priming synthesis). Other poly-
merases lacking 5'-3' exonuclease activity may be substituted (see Note 6).

5. Since the average size of extension products is an inverse function of primer
concentration (12), proper conditions for random-priming synthesis can be easily
set for a given gene. For example, to obtain extension products with 50–500 bases,
a 10,000-fold molar excess of primer over template should be used. The high
primer concentration can facilitate production of shorter fragments, presumably
by blocking extension.

6. Alternatively, other DNA polymerases such as bacteriophage T4 DNA poly-
merase, T7 Sequenase version 2.0 DNA polymerase, the Stoffel fragment of Taq
polymerase and Pfu polymerase can be used during the random priming synthe-
sis. When misincorporation is a concern, polymerases presenting 3' to 5’exonu-
clease (proofreading) activity such as bacteriophage T4 DNA polymerase and
Pfu polymerase should be used. Bacteriophage T4 DNA polymerase, unlike
Klenow fragment, has no strand displacement activity and therefore the isother-
mal amplification efficiency will be much reduced.

7. To better detect the low molecular weight smear, dye-free loading buffers with
~20% glycerol should be used for the samples and in the meantime, loading buff-
ers with tracking dyes should be used in empty lanes to monitor the migration.

8. Do not exceed the recommended centrifugation speed since a significant amount
of template may pass through the filter. A longer centrifugation time should be
used if the suggested time is not adequate to purify the entire reaction mixture.

9. Any commercially available thermostable DNA polymerase can be used to reas-
semble the DNA fragments. However, the use of DNA polymerases with proof-
reading activity such as Pfu DNA polymerase (Stratagene, La Jolla, CA), Vent
DNA polymerase (New England Biolabs, Beverly, MA), or Pfx DNA polymerase
(Invitrogen Life Technolgies, Carlsbad, CA) can minimize the introduction of point
mutations in the chimerical progeny genes. When setting up reactions with these
polymerases, it is very important to add the polymerase last since, in the absence of
dNTPs, the 3' to 5'exonuclease activity of the polymerase can degrade DNAs.

10. The number of cycles depends on the fragment size. Assembly from small frag-
ments may require more cycles than assembly from large fragements. Small frag-
ments may also require a lower annealing temperature, at least during the initial
cycles. The increasing annealing time for subsequent cycles correlates to the
increasing fragment size as full length chimerical genes are created.

11. Pfu DNA polymerase or other high-fidelity DNA polymerases have a much
slower processivity than Taq DNA polymerase, leading to lower extension rates.
Processivity can be improved significantly (without significant loss in fidelity)
by using a 1:1 ratio (1.25 Units each in a 100 μL reaction) of Taq DNA poly-
merase and Pfu DNA polymerase rather than Pfu DNA polymerase alone (13). If
this is done, an appropriate 10X reaction buffer for Taq DNA polymerase should
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be used in place of the 10X Pfu reaction buffer. Certain commercial polymerase
blends such as Taq/Pwo DNA polymerase (Expand High Fidelity PCR system
from Roche Diagnostics) or TaqPlus Precision/Pfu (TaqPlus Precision PCR sys-
tem of Stratagene) will yield similar results.

12. The elongation time depends on the gene size. For genes of 1 kb or less, an elon-
gation time of 1 min will suffice. For genes larger than 1 kb, the elongation time
should be adjusted accordingly.
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