
n many fields of the life science industry such as
therapeutic proteins, vaccines, antigen production,
industrial enzymes or biocatalysis, there is a crucial
need for second generation proteins with optimized
characteristics, fine tuned properties and enhanced
or novel performances. Activity, selectivity and many

other key parameters of first generation proteins often needs
to be optimized :

�  efficiency
�  side effects
�  solubility
�  half-life
�  production costs
�  etc.

Protein engineering has first been
performed by using classical
techniques based on rational design
and structural approaches. However,
randomized methods of mutagenesis
rapidly proved to be more efficient than
rational design for rapidly optimizing
any screenable protein characteristics.
Randomized directed evolution
technologies require no previous
knowledge about the structure of the target protein and the
evolution is only directed by the screening assays towards
characteristics improvement. Therefore, randomized “directed
evolution” technologies have had an increasing impact in
technological platforms to address the need for protein
optimization1.

“Directed evolution” mirrors and accelerates what has long
made when breeding plants and animals. Directed evolution
includes three basic steps : (i) the creation of a library of
variants of the gene encoding the protein to be engineered,
(ii) the expression of  these new gene variants and (iii) the
screening of these new “second generation” proteins to
identify the ones exhibiting the appropriate characteristics.
The selected improved genes can then be used as parental
genes in a series of subsequent rounds of this so-called
“directed evolution”.

Overcoming the limits of mutagenesis-
based techniques
Each step is crucial, in particular the screening step.
However, the first one (i.e. the generation of variants of the
gene encoding the protein) is a limiting one. Screening will
only discard useless clones and all the selected improved
clones will originate from that very first step. Until the end of
the 90’s, mutagenesis was the most widely used tool for that
purpose. The most popular technique used to introduce
mutations along the gene sequence has long been error-
prone PCR. However, it has rapidly been observed that all
mutagenesis-based technologies suffer severe limits such as
(i) the relatively limited sequence space that can be rapidly

explored and (ii) the fact that the potential of evolution is limited
by the number of beneficial mutations that a member of the gene
population can cumulate between two selection events. Actually,
in each directed evolution cycle, many useful mutations are
discarded while neutral or deleterious mutations accumulate,
hence limiting the potency of the technique.

There has been many attempts to develop new embodiments of
mutagenesis to overcome these limits, including massive
increase of the number of variants generated by mutagenesis
and saturation of each position of a particular protein sequence
by mutations. Although useful, these techniques have been
outperformed since the late 90’s by “gene shuffling” technologies�

Genuine “ Gene Shuffling”  :
a major breakthrough in
protein engineering
In order to overcome the limit of
mutagenesis-based approaches, in vitro
“sexual” evolution has been developed to
allow for poolwise recombination of the
parental genes2. Poolwise recombination
enables mutations from many parental
genes to recombine in a single progeny,

thus dramatically increasing the number of positive mutations
that can be accumulated between two selection events and
enabling a much broader sequence space to be explored. The
term “gene shuffling” was coined to name this approach. It
appeared rapidly that the rate of evolution has been dramatically
accelerated by recombining related parental genes. This new
scheme enables to achieve a much larger evolutionary distance
of the best clones from the parental genes than when using
traditional random mutagenesis approaches.

The first in vitro methods for poolwise recombination of parental
genes developed, such as DNA shuffling3�4��or SteP�   represented
a major breakthrough in protein engineering. They were based
on polymerase chain reaction (PCR)-like recombination.
Although extremely powerful, these pioneering methods also
suffered limitations. The kinetics of hybridization of the
megaprimers formed during the PCR-like recombination rounds
used to limit the size of the genes that can be efficiently shuffled
using PCR-like recombination. Deleterious mutations can also be
introduced by polymerases, as it happens in mutagenesis-based
techniques, hence reducing the number of improved variants.
Because of the inherent properties of the randomized PCR-like
recombination methods, a large proportion of non-functional
mutants is often generated. As a consequence, large size
libraries have generally to be screened so that positive hits are
not missed, which increases the related costs.

Why has gene shuffling become the preferred technology in the industry for
creating high performance proteins ? What are the benefits provided by genuine
“gene shuffling“ when compared with mutagenesis-based approaches ?

A revolution in protein
engineering : L-Shuffling™
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Dramatic 50-fold improvement of the activity of a protein using a combination of
EvoSight™ and L-Shuffling™. The figure shows the actual distribution of the activity of
the clones generated by the third round of L-Shuffling™ compared with the starting
enzyme (wild type : “WT”). The proportion of functional genes is close to 100%. Most
clones exhibit an activity higher than the original WT enzyme. Improvements achieved by
EvoSight™ and by the two first rounds of L-Shuffling™ are indicated for reference.

L-Shuffling™, the most recent advance in
gene shuffling
A significant breakthrough has been achieved when a new
gene shuffling technique involving no polymerase has been
developed. L-Shuffling�  is a proprietary ligation-based
random recombination method6 developed by Protéus, which
permits the recombination of gene variants without the use of
any polymerase, therefore reducing the risk of unwanted
mutations. In this technology, the random recombination is
assured by the ligation by means of a suitable DNA ligase of
the ends of fragments of the parental gene variants
hybridized onto an assembling template. This ligation-based
process enables randomized recombination, maintaining and
cumulating the DNA information of
the parental genes and generating
a high proportion of functional
variants.

Benefits of L-Shuffling™ include
the ability of engineering both long
and short genes as well as genes
with strong or weak homology.
Most shuffled proteins generated
by L-Shuffling™ are functional,
which enables accelerated
screening and faster release of
new products.

EvoSight™ for optimized directed
evolution protocols
The use of iterative sexual recombination (i.e. gene shuffling)
using L-Shuffling™ has proven to be an efficient strategy to
generate novel and improved proteins without the need for
structural insight. However, when starting from a single gene,
an appropriate population of parental genes should first be
prepared to feed the gene shuffling process. Protéus has
recently developed EvoSight™, a new patented approach for
determining rational directed evolution strategies7.
EvoSight™ first explores the “protein plasticity” (ability of the
protein to accept mutations with a limited loss of activity) of
the protein, which enables to estimate (i)  the “optimal
mutational load” (number of mutation introduced per genes
that gives the highest frequency of improved variants) and (ii)
the “ad minima size sample” (minimal number of clones to be
screened) that can be used to rapidly improve this protein.

EvoSight™ therefore enables to produce a pool of very high
quality parental genes to feed the L-Shuffling™ process,
enabling dramatic improvements to be rapidly achieved using
cost- and time-saving optimized strategies.

Toward successful industrialization
For bridging the gap between lab and plant, Protéus has
heavily invested and built a dedicated process development
laboratory with fermentation and downstream processing
capabilities. This department is operated by experienced
specialists whose goal is to establish cost-effective, robust
and scaleable biologic manufacturing solutions. They focus
on development strategies that maximize expression and
yield while meeting product specifications. All processes are
thoroughly documented and suitable for rapid technology
transfer to production facilities.

With this extensive experience in process development,
Protéus helps its industrial partners to shorten timelines by
providing a fully integrated approach from bioengineering and
development through pilot scale production. The company’s

comprehensive bioengineering, fermentation, recovery,
purification and analytical tools and skills enable product yields
optimization. Dedicated project leaders ensure smooth
operations and creates a strong synergy between the different
skills. They coordinate each project and insure on-time delivery
of quality products and processes.

Create value from proteins : Industrial
Property
Generally, proteins and processes developed at Protéus are
proprietary. This enables to reinforce the IP on existing products
and create or extend barrier to entry in specific markets, hence
strengthening the competitiveness of Protéus’ industrial partners.

Protéus full-time dedicated team of
intellectual property specialists provides
the appropriate support all throughout
the R&D process.

Created in 1998, Protéus has rapidly
become a key player in the
development of new proteins and novel
bioprocesses for a broad variety of
application. The company has a strong
track record and recurrent business with
leading players in pharmaceutical,
cosmetic, biotech, feed and food, and
other life science industries.

Protéus has built an unprecedented discovery and engineering
integrated platform. The combination of a multidisciplinary
expertise with proprietary technologies for functional screening
(Phenomics™, CLIPS-O™) and directed evolution (L-Shuffling™,
EvoSight™) and with a unique collection of biodiversity provides
unique opportunities to generate new proteins for demanding
applications.
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Accelerated screening of shuffled
variants in a clean room at
Protéus.

CALL NOW FOR FURTHER INFORMATION
Protéus, S.A. - 70, allée Graham Bell

Parc Georges Besse - F-30000 Nîmes, France
Tel : +33 (0)466 70 64 64  - Fax : +33 (0)466 70 64 60
E-mail : info@proteus.fr - Internet : www.proteus.fr
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