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On the twenty-fifth anniversary of the invention of direc-
ted molecular evolution, few can doubt the power of this
revolutionary method to engineer useful biomolecules at
the service of mankind. By compressing Darwin’s con-
cept of selection through ‘survival of the fittest into a test
tube, it has become possible to design enzymes a la
carte, enzymes that can be used in pharmaceutical
applications or to produce agrochemicals, biofuels and
daily products. Through iterative rounds of random muta-
tion, recombination and screening, evolved and
improved enzymes have been incorporated into many
aspects of our lives, gradually replacing noxious chemi-
cals and high energy demanding steps of industrial pro-
duction pipelines in the drive towards green chemistry.
Thanks to the exponential growth in protein and genome
databases, and the blossoming array of predictive com-
putational methods, we are now for the first time able to
travel beyond the frontiers of nature through the directed
evolution of enzymes (including de novo enzymes),
metabolic pathways, genetic circuits or whole cells to be
used in a wide range of biotechnological applications. As
such, we can tailor enzymes to perform non-natural
chemistry or to adapt them to non-natural environments,
as well as other practical cases in bioremediation, bio-
medicine or bionanomaterials, to name but a few
(Molina-Espeja et al., 2016).

By contrast, enzyme reconstruction and resurrection
has recently emerged as an approach to rapidly obtain
potential biocatalysts. Indeed, using phylogenetic analy-
sis and ancestral inference algorithms, versions of
ancient enzymes are being rapidly recreated. Among
them, we can find thioredoxins, alcohol dehydrogenases,
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beta-lactamases or rubiscos (mostly 1-3 billion years old
Precambric origin), whose stability and/or wider substrate
range may make them more suitable workhorses for fur-
ther directed evolution towards more challenging applica-
tions (Perez-Jimenez et al., 2011; Carrigan et al., 2012;
Risso et al., 2013; Shih et al., 2016). The remarkable
ancestral properties of these enzymes are thought to be
linked to the unpleasant environment that organisms
faced on the earth during the Precambrian age (e.g. high
temperatures (Akanamura et al, 2013)) and to the
assumption that primitive cells relied on only a small
array of enzymes because their physiology made it
impossible for them to produce specialist enzymes for
each metabolic task. Thus, it is thought that ancient
enzymes were both robust and promiscuous, working
like a ‘Swiss army knife’ to fulfill a plethora of activities.
Similarly, they represent good blueprints suitable to
adaptation, both promoting the survival of the cell while
eventually becoming more specialized over the course of
natural evolution.

Whether or not the recent resurrected products
obtained in the laboratory are reliable approximations to
the true extinct enzyme phenotypes is still open to
debate. Indeed, there are two main currents of opinion
regarding this controversial issue: (i) those who believe
that the properties of the resurrected enzymes are
mostly due to the accumulation of consensus/ancestor
mutations, such that similar properties could be achieved
by introducing such mutations into their modern counter-
parts (e.g. by classical consensus mutagenesis); and (ii)
those who believe that the properties of the resurrected
enzymes are not exclusively dependent on the set of
consensus/ancestor mutations but rather, they reflect the
broad differences in protein sequence with respect to the
extant enzymes (sometimes sharing as little as ~50%
sequence identity despite sharing overall structural
motives and similar folding) (Cole and Gaucher, 2011;
Risso et al., 2014). While this debate remains open, pa-
leoenzymologists are harnessing resurrected enzymes to
decipher some of the principles of natural protein evolu-
tion, just as directed evolution has sometimes done with
modern enzymes (Bloom and Arnold, 2009).

From a strictly biotechnology viewpoint, the fledgling
association of ancestral enzyme resurrection and
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directed evolution is very timely, especially given that the
combination of both methods may yield stronger and
more versatile biocatalysts (Arnaud, 2013; Alcalde,
2015). For example, the directed evolution of resurrected
enzymes could help rescue latent/promiscuous activities
lost during natural evolution but that could be used today
for biotechnological purposes, Fig. 1. Moreover, given
that resurrected enzymes are very stable (in terms of tol-
erance to extreme pH or high temperature — sometimes
with a T, >30°C higher than their modern counterparts)
and that beneficial mutations are typically destabilizing,
these ancestral proteins represent wonderful virgin
moulds for more aggressive protein engineering
approaches that unfortunately most modern enzymes
cannot withstand. Indeed, we recently found these
enzymes to be more tolerant to high mutational loads in

NATURAL EVOLUTION

00 O

19|

Ancestral enzyme

RECONSTRUCTION

RESURRECTION
(expression in
modern host)

@, 0000
Q ENZYMATIC ACTIVITIES
@ | AcTviTy

P LEVELS ‘mw
Q- ¥ ey T

g
g R
%

Q@ >

Crystal ball 23

directed evolution campaigns, such as when evolving
resurrected CO,-fixing enzymes or different types of
ancestral ligninases (unpublished data).

The growth and impact of directed evolution in all
areas of biotechnology is becoming overwhelming, such
that a unique opportunity has become reality before our
very eyes, enabling us to design powerful enzymes that
will gradually replace chemical catalysts. As Prof.
Frances H. Arnold from Caltech, pioneer in the field of
directed evolution, recently said during the Millenium
Technology Prize Ceremony ‘Nature is this innovation
machine. We have this capability to re-write the code of
life. It doesn’t have to be a new opportunity for exploita-
tion. . .it should be an opportunity for exploration and for
coming up with new solutions to the problems that we
have’. Most researchers in the field fully agree with this
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Fig. 1. Directed evolution of ancestral enzymes. From a modern enzyme scaffold, a plausiable approximation to the ancestral node is predicted
through bioinformatic computation (protein sequence reconstruction). The sequence of the ancestral node is then synthesized and functional
expressed (resurrected) in a suitable host (e.g. bacteria or yeast). Thereafter, the resurrected enzyme is subjected to directed evolution towards
latent activities those are hardly shown by the modern counterpart. The strong stability of the resurrected node can help alleviate the detrimental
effect of using high mutational loads during the directed evolution campaign.
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statement and so, it is reasonable to think that not only
extant enzymes but also their resurrected counterparts
could be evolved on the laboratory bench in the near
future, allowing us to travel back and forth along the evo-
lutionary timeline. Thus, we will soon be joyously reaping
the consequences of the meeting between directed evo-
lution and ancestral enzyme resurrection.
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