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Abstract

DNA shuffling has proven to be a powerful technique for the directed evolution of proteins. A mix of
theoretical and applied research has now provided insights into how recombination can be guided to
more efficiently generate proteins and even organisms with altered functions.

Proteins are machines created by evolution, but it is unclear
just how finely evolution has guided their sequence, struc-
ture, and function. It is undoubtedly true that individual
mutations in a protein affect both its structure and its func-
tion and that such mutations can be fixed during evolution-
ary history, but it is also true that there are other elements of
protein sequence that have been acted upon by evolution.
For example, the genetic code appears to be laid out so that
mutations and errors in translation are minimally damaging
to protein structure and function [1]. Could the probability
that a beneficial mutation is found and fixed in the popula-
tion also have been manipulated during the course of evolu-
tion, so that the proteins we see today are more capable of
change than the proteins that may have been cobbled
together following the ‘invention’ of translation? Have pro-
teins, in fact, evolved to evolve? There is already some evi-
dence that bacteria are equipped to evolve phenotypes that
are more capable of further adaptation (reviewed in [2-4]).
For example, mutator [5] and hyper-recombinogenic [6]
strains arise as a result of selection experiments. The devel-
opment of DNA shuffling (reviewed in [77,8]) and the appear-
ance of several recent papers using this technique [9-11]
provide us with a surprising new opportunity to ask and
answer these fundamental questions at the level of individ-
ual genes, and perhaps even genomes.

DNA shuffling, a method for in vitro recombination, was
developed as a technique to generate mutant genes that
would encode proteins with improved or unique functionality

[12,13]. It consists of a three-step process that begins with
the enzymatic digestion of genes, yielding smaller fragments
of DNA. The small fragments are then allowed to randomly
hybridize and are filled in to create longer fragments. Ulti-
mately, any full-length, recombined genes that are re-
created are amplified via the polymerase chain reaction. If a
series of alleles or mutated genes is used as a starting point
for DNA shuffling, the result is a library of recombined genes
that can be translated into novel proteins, which can in turn
be screened for novel functions. Genes with beneficial muta-
tions can be shuffled further, both to bring together these
independent, beneficial mutations in a single gene and to
eliminate any deleterious mutations. Although multiple,
beneficial mutations could potentially be generated just as
well by serial mutagenesis and screening, DNA shuffling is
much quicker: for example, the starting population of a
library generated by mutagenic PCR typically contains
70-99% nonfunctional variants [14], whereas most variants
formed by DNA shuffling are functional. Thus, DNA shuf-
fling should allow a streamlined exploration of sequence
space and acquisition of novel protein phenotypes easily, as
has indeed proven to be the case for a number of protein
targets [15,16].

Beyond biotechnology applications, DNA shuffling can
potentially be used to recapitulate natural recombination
and to ask whether recombination generally leads to better
or novel proteins. In this regard, DNA shuffling can be
carried out not only with genes that are closely related
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alleles, but also with a group of phylogenetically related genes
that may differ by up to 40%, a process known as family shuf-
fling [15]. As mentioned above, it was strongly suspected that
by starting with a population of genes already known to be
functional, family shuffling could move the most beneficial
mutations into the same gene and thus quickly optimize or
alter protein function. In fact, however, this intuition should
hold true only if mutant alleles can generally either act in an
additive or synergistic fashion. If mutant alleles are neutral or
interfere with each other, then there will be no generic benefit
to recombination.

In order to address this hypothesis, Joern et al. [9] have
developed a novel technique for mapping recombination
events by probe-hybridization analysis. Shuffled libraries
were generated by crossing genes for several dioxygenase:
toluene dioxygenase, todC1C2; tetrachlorobenzene dioxyge-
nases, tecA1A2; and biphenyl dioxygenase, bphA1A2. Shuf-
fled variants from the three-parent library were screened for
toluene dioxygenase activity, and randomly selected variants
were sequenced to determine the actual number of
crossovers that had occurred to give rise to functional and
nonfunctional variants. Unsurprisingly, it was found that
crossovers commonly occurred in regions of high homology:
although regions that contained ten or more common, iden-
tical residues made up less than 10% of the lengths of the
genes, over 60% of the crossovers occurred in these regions.
Interestingly, it was found that the number of crossover
events did not correlate with protein function, suggesting
that individual segments of a protein might act indepen-
dently during evolution [9]. It is also possible that the pro-
teins were so closely related to one another that multiple
crossovers did not reduce or alter functionality.

Building on these results, Voigt et al. [10] hypothesized that
functional genes derived by DNA shuffling (and perhaps by
natural recombination) should preserve clustered sets of
structural interactions (the so-called ‘schemas’) of the origi-
nal protein (Figure 1a). In order to validate this hypothesis,
the authors developed an algorithm that attempted to
predict the effect of crossover events at specific sites in a
gene. In particular, the algorithm assessed which amino
acids were close to one another in both the primary and the
tertiary protein structure and predicted which interaction
subsets could be manipulated in a way that minimally dis-
rupted protein structure and function. This analysis results
in a ‘schema profile’ for the proteins, which indicates the
amount of disruption to the schemas that recombination at
each point along the sequence will cause (Figure 1b). Several
proteins that had previously been evolved in vitro by family
shuffling were evaluated, and the schema profiles of these
proteins correlated well with the experimentally determined
crossover points [14].

This algorithm was then used to generate schema profiles
between two B-lactamases, TEM-1 and PSE-4, which confer
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A graphical representation of the relationship between protein structure
and schemas. (a) The 3-lactamase protein is shown divided into different
colored substructures (schemas), which are derived from the schema
profile of the protein. (b) An example of a schema profile for a (simpler)
hypothetical protein. Peaks correlate with positions in the protein where
recombination will be maximally disruptive; valleys correlate with
positions that are predicted to minimally disrupt the structure and
function of the protein. (c) Intron structure may correlate with schema
structure. To the extent it is now possible to calculate schema profiles, it
can be hypothesized that introns (white) may generally fall at minima
while exons (black) may generally contain larger disruption values.

ampicillin resistance and share only 40% amino-acid
sequence identity. Hybrid enzymes that had varying degrees
of recombination between schemas were then constructed,
and the recombined variants were transformed into bacteria,
which were assayed for ampicillin resistance. The most resis-
tant hybrids contained recombined genes with crossovers
that had been predicted in advance to occur between
schemas [10].

What is particularly surprising is not that DNA shuffling
occurs between domains; even a brief observation of the



three-dimensional structures of proteins immediately sug-
gests that recombinational breakpoints will probably have
the smallest effect on protein function if they occur outside
of major structural units found by Voigt et al. [10] (although
certain breakpoints between structural subunits, such as in
the middle of « helices, would probably not have been pre-
dicted without schema profiling). Rather, the amazing thing
is that proteins have evolved so that they are by and large
composed of structural domains that can undergo recombi-
nation. As Voigt et al. [10] point out, GO [17,18] found a cor-
relation between intron locations and structural domains.
This was expanded on by Gilbert and his co-workers [19],
who advanced the notion that proteins could be modularly
constructed from structural domains as an attempt to
explain the origin of introns. Although the ‘introns early’
hypothesis has long since been shown to be implausible
[20-22], the original notion that introns could act as buffers
for recombination is still intellectually compelling, and it
may be consistent with the results of Voigt et al. [10].

Interestingly, to the extent that proteins have evolved as
modular machines that are capable of taking advantage of
recombination during their evolutionary history, the very
mathematical models propagated by Joern et al. [9] and
Voigt et al. [10] may be unnecessary. ‘Blind’ DNA shuffling
between closely related proteins may already be more than
good enough to generate proteins with novel phenotypes.
For example, we have evolved a B-glucuronidase in vitro to
switch its substrate specificity from -glucuronides to
B-galactosides and have achieved an over 500-fold increase
in activity towards the new substrate [23]. This catalytic con-
version was achieved in three rounds of shuffling and
screening, but further rounds of selection failed to achieve
greater cleavage of B-galactosides. The initial library of this
selection was constructed using mutagenic PCR, and a large
fraction of the population was inactive, yet the catalytic
specificity of the selection produced a switch of over
52-million-fold in substrate preference.

Similarly, new experiments from Zhang et al. [11] provide
additional evidence that blind shuffling is fully capable of
functional improvement, not just at the protein level, but
even at the organismal level. These researchers coupled clas-
sical strain improvement (mutation and selection) with
genetic recombination. Protoplast fusion results in very effi-
cient recombination between the genomes of Streptomyces
species, and iterative protoplast fusion results in the reas-
sortment of multiple markers between species. To show the
power of this new method, a Streptomyces strain producing
the complex polyketide antibiotic tylosin was selected for
improved function and was then forced to undergo the
equivalent of sexual reproduction. The genomes of several
surviving mutants were shuffled after every round of selec-
tion to generate a combinatorial library of organisms that
could again be screened for improved function. A strain gen-
erated by only two rounds of shuffling could produce tylosin
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at a rate comparable to strains that had undergone 20
rounds of classical selection. These results demonstrate that
genome shuffling will probably lead to changes and improve-
ments in organismal function as radical as those that have
previously been observed for proteins.

Overall, these results further support the idea that evolution
can act reflexively - that is, to enhance its own ability to act.
From the results of Arnold and co-workers [9,10], it is possi-
ble that regions that fall between predicted schema might be
conserved in sequence in order to facilitate recombination;
this hypothesis could be checked directly by database analy-
sis. The application of the techniques described by Arnold
and co-workers [9,10], del Cardayré and co-workers [11],
and others may allow researchers to more effectively design
libraries for screening. A large fraction of the products gen-
erated in traditional screening or even shuffling reactions
are nonfunctional. Schema profiling and pathway shuffling
may eventually make it possible to design directed evolution
experiments in which structural and metabolic subunits are
preserved, thereby limiting the exploration of sequence
space largely to functional molecules. Ultimately, these
advances should expand our understanding of natural
genetic processes and thereby allow biologists to generate
novel proteins and pathways in a fraction of the time that
nature or conventional breeding would take.
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