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Protein engineering currently employs a mixture of rational
design and random sequence generation followed by selection to
isolate proteins with desirable properties. With the latter approach,
a variety of procedures such as cassette mutagenesis (1) and
error-prone PCR (2) can be used to introduce mutations in
selected regions of DNA coding for the protein of interest. A
variety of selection schemes can then be used to isolate mutants
with the desired properties. Several studies have shown that
different mutations in a protein (isolated with the same selection
pressure) may be additive, or positively cooperative, in their
effects on the selected function. This includes work on growth
hormone (3) and P-lactamase (4). Stemmer has developed a
procedure for randomly recombining sequences that exploits this
property, called DNA shuffling (5) or sexual PCR (6), and shown
that it can be used in the in vitro evolution of a ,B-lactamase
enzyme with greatly improved activity.
The DNA shuffling technique consists of two main steps:

fragmentation with DNaseI, and reassembly by thermocycling in
the presence of a DNA polymerase. In the original DNA shuffling
procedure (5), DNA was fragmented by DNaseI digestion in the
presence of Mg2+, followed by non-denaturing agarose gel
purification of fragments of the desired size. This introduces
single-strand nicks in the double-stranded PCR products used as
substrates. Fragments of a particular size purified on a gel would
thus consist of dsDNA with a large number of single-strand nicks,
which would give rise to much smaller single-stranded fragments
upon denaturation. If fragments <50 bp were isolated on a gel,
much of this would be nicked so much that many of the
single-stranded fragments generated with denaturation would be
too short to function as primers for Taq polymerase at typical
annealing temperatures. Here we describe the results ofreassembly
of fragments generated by DNaseI digestion in the presence of
Mn2 , which randomly introduces double-strand breaks into DNA
(7). This procedure rapidly produced a set of small (<50 bp)
fragments that could be efficiently reassembled without gel
purification. We demonstrated the effectiveness of this procedure
by using it to randomly recombine two antibody single chain Fv
sequences. DNA shuffling between different scFv sequences has
not been reported previously, although shuffling of synthetic
oligonucleotides with a scFv sequence has been described (8).

Material for shuffling was generated by PCR oftwo scFv DNA
sequences; one designated B3M that consists ofMab B3 VH and
Mab B5 VL sequences (9,10), and one designated B1 that
consists of Mab B 1 VH and VL sequences (10). Each was in the
VH-linker-VL orientation, with an identical linker sequence.
The two sequences have 88% DNA sequence identity, coding for
scFvs that differ by 49 amino acids. PCR was done with the
primer pair B35' and B5VLFX (for B3M) or the primer pair B 15'
and BlVLFX (for B 1). The primers contain SfiI and NotI
restriction sites for subcloning into phage display vectors, and a
sequence coding for a factorX site to permit proteolytic cleavage
of the Fv from its viral protein fusion partner (11). All PCR
reactions were done on a Biometro Trio-thermoblock thermo-
cycler (Biometro Inc., Tampa, FL). PCR products were purified
with WizardTm PCR Preps DNA Purification System (Promega)
before DNaseI digestion.
Approximately 4.5 jg of PCR product was diluted to 45 gl in

H20 and 5 ,l of lOx digestion buffer (500 mM Tris-HCl, 100
mM MnCl2) were added. DNaseI (8.7 ,ug/ml, 21 500 U/mg
protein, Sigma) was diluted 1000-fold in lx digestion buffer and
1.5 gl of this was added to the PCR-DNA solution pre-equili-
brated to 15 'C. Digestions were done at 15 °C, and terminated at
specified times by heating at 90°C for 10 min. Figure 1 shows the
type of cleavage obtained under the reaction conditions used. The
digestion rapidly gave rise to fragments of <50 bp. Longer
digestions (<20 min) caused only minor decreases in the size and
intensity of these fragments, suggesting that the enzyme is much
less active on short fragments. This is a convenient property for
fragment generation, as it makes timing of the reaction less
critical. Also we found that this made it much easier to isolate
sufficient amounts of fragments for efficient reassembly. As the
gel analysis showed that little orno detectable fragments >-50 bp,
we chose to omit size selection and purification of the fragments
on a gel, and instead passed the digestion products over
Centri-Sep Columns (Princeton Separations, Inc., Adelphia, NJ),
small size exclusion spin columns that exclude dsDNA fragments
>-16 bp. This removes Mn2+ ions that would interfere with Taq
polymerase activity, and any very small DNA fragments which
might be present.
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Figure 1. Fragmentation and reassembly of scFv DNA. Samples were analyzed
on 1.8% agarose gels. (A) Lane 1, DNA from PCR ofB3M scFv sequence before
digestion; lane 2, scFv DNA after I min digestion with DNaseI in the presence
of 10mM Mn2+; lane 3, after 2 min digestion; lane 4, fragments from lane 2 after
purification on spin column; lane 5, fragments from lane 3 after purification on
spin column. (B) Lanes I and 2 show fragments after 1 and 2 min digestion, as
in (A). Lane 3 shows the reassembly of fragments from 1 min digest (after 40
thermocycles with Taq polymerase). Lane 4 shows the reassembly of fragments
from 2 min digest. The leftmost lanes in A and B are AmpliSizeTm DNA Size
standards (Bio-Rad Laboratories, Hercules, CA). The sizes (from bottom to top)
are 50, 100, 200, 300, 400, 500, 700, 1000, 1500 and 2000 bp.

To reassemble fragments, 20 gl of spin column-purified DNA
fragments (10 g1 from B3M digestion plus 10 p1 from B1
digestion) were added to 20 gl of 2x PCR premix (5-fold diluted
Perkin Elmer GeneAmp lOx PCR buffer, 0.4 mM each dNTP,
0.06 U/p1 Elmer AmpliTaq® DNA polymerase). The reaction
was overlaid with 50 gl mineral oil and thermocycling was done
according to the following program: 96°C, 3 min; (94°C, 1 min;
55°C, 1 min; 72°C, 1 min + 5 s/cycle, 40 cycles), 72°C, 7 min,
4°C. Reassembly of the fragments with 40 temperature cycles in
the presence of Taq polymerase gave a smear with an average
length slightly less than the original PCR scFv sequence (Fig. 1).
In this thermocycling reaction, the fragments function as both
templates and primers to rebuild full-length genes. To isolate
full-length reassembly products, 0.5 p1 of this reaction was used
as template in a 25 cycle PCR reaction (100 pl final volume) with
an equimolar mixture of primers B35', B5VLFX, B 15' and
B1VLX described above. This PCR reaction gave a single sharp
band that co-migrated with the original scFv DNA.
To analyse sequences generated using this modified DNA

shuffling procedure, PCR products from the above step were
subcloned using a TA cloning kit (Invitrogen Corp.). Plasmids
containing inserts were purified and sequenced with T7 and SP6
primers on an Applied Biosystems 373A DNA Sequencing
System using the Taq DyedeoxyTm Cycle Sequencing kit.
Sequences were analysed using the SeqEdTm 675 Sequence
Editor software supplied with this system. Comparison of five
randomly chosen sequences showed that five of five had a
mixture of B 1 and B3M sequences and that all were the result of
different recombination events (Fig. 2). No insertions or deletions
were found in the 3702 bases of sequence analyzed. The
mutagenic rate was 0.2% (nine mutations in 3702 bases
sequenced, with a range of 0-4 mutations per scFv sequence),
which is not higher than the mutagenic rate expected from the

Figure 2. Recombination in five randomly-selected scFv sequences. Clones
from reassembly of a mixture ofB I and B3M fragments were sequenced. DNA
sequences are shown schematically, with the areas coding for the six
complementarity-determining regions represented by boxes (from left to right
HI, H2, H3, LI, L2 and L3). BI sequences are shown in white, B3M in black.
Crossovers are arbitrarily shown to be niidway between characteristic bases of
the two Fv sequences.

known fidelity of Taq polymerase and the large number of cycles
to which the DNA was subjected (12). The rate is significantly
lower than the mutagenic rate of0.7% reported for DNA shuffling
after fragmentation with DNaseI in the presence of Mg2+ (5). It
may be possible to further decrease this mutagenic rate by using
higher-fidelity polymerases. Also the mutagenic rate could be
increased by using error-prone PCR conditions (2), if desired.
We have developed a modified procedure forDNA shuffling that

is more rapid and convenient to perform than the previously
published procedure, as gel purification of a size range of fragments
is not necessary. Also our method is less mutagenic, which will be
useful in applications where recombination alone is required. We
have shown that the procedure can be used to randomly recombine
scFv DNA sequences. This should be useful in the in vitro evolution
of antibodies with enhanced binding or catalytic activities.
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