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late 1960s and early 1970s, Spiegelman and co-workers
performed a series of in vitro RNA replication experiments
under different selective pressures to explore the fundamental
evolutionary principles." ™ In 1985, Smith developed the
phage display method to enrich peptides with desired binding
properties, which led to numerous applications in antibody
engineering.” Around the same time, the concept of the
“evolutionary machine” for evolving proteins by mutagenesis
and selection was formally proposed by Eigen and Gardiner;’
and the experiments performed by Szostak and Hageman set
the stage for directed enzyme evolution.”” However, this
concept was not formally reduced to practice by Arnold and
co-workers until 1993, which marked the beginning of the
directed evolution field even though this concept has
occasionally been used to describe adaptive evolutionary
experiments for decades.

Directed evolution mimics Darwinian evolution in a test
tube and comprises iterative cycles of generating genetic
diversity followed by screening/selection. Unlike natural
evolution, whose goal is survival and reproduction, directed
evolution is executed at much higher mutation and
recombination rates to screen for the desired biological
function. The general procedure of directed evolution includes
two main steps: (1) gene diversification by random muta-
genesis and/or gene recombination to generate a diverse
library of variants; and (2) screening/selection to obtain
variants with improved phenotypes (Figure 1). The improved
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Figure 1. Principle of directed evolution.

variant will serve as a new starting point for the next round of
gene diversification. Iterative rounds of directed evolution can
be executed until the desired variants “climb to the top of the
hill”.

Like many other scientific fields, the establishment of
directed evolution was enabled by technological advancements
and exploration. Figure 2 summarizes the various important
milestones in directed evolution. Early applications of directed
evolution mainly focused on evolving individual proteins of
interest for improved stability, activity, selectivity, and
compatibility with industrial process conditions.*™'" More
recently, directed evolution was used to engineer promiscuous

enzymes for abiotic transformations."'~'* In addition to
enzymes, directed evolution has been extended to engineer
binding proteins and nucleic acids, and extended to evolve
genetic circuits, biochemical pathways, and even whole
genomes for biotechnological and biomedical applica-
tions. > ™"

In this review, we describe the most frequently used
methodologies for directed evolution, including gene diversi-
fication strategies, screening/selection methods, and recently
developed strategies for continuous evolution. In addition, we
highlight some representative applications of directed
evolution in engineering nucleic acids, proteins, pathways,
genetic circuits, viruses, and whole cells. Finally, we briefly
discuss the challenges, opportunities, and future directions of
directed evolution.

2. METHODOLOGIES

In this section, we provide a comprehensive review on the gene
diversification, selection, and screening methods developed for
directed evolution in the past three decades.

2.1. Methods for Gene Diversification

Genes can be diversified in either a completely random or a
relatively targeted manner. Considering each amino acid can
have 19 alternatives, preparing a comprehensive library to
cover the entire mutational space of a protein is never practical.
Random mutagenesis of a single gene can perform optimal
sparse sampling of the sequence space to identify the “hot
spots” that are largely correlated to the desired protein
property without detailed structure or function information.
Focused mutagenesis, on the other hand, maximizes the
sampling of certain positions that determine the protein
function. Variants with improved properties can be identified
from a much smaller focused mutagenesis library only if the
correlation between the sequence and function is clear. In vitro
mutagenesis is the most common strategy for well controlled
and efficient gene diversification. However, thanks to recent
advances in gene editing tools, in vivo mutagenesis is becoming
more popular with great potential to be performed
continuously without human intervention. The size of the
sequence space that can be sampled directly determines the
success rate of a directed evolution experiment. To minimize
the sequence space to be sampled and expedite the
evolutionary process, computational modeling and machine
learning can be used to predict beneficial mutations and can
allow researchers to create smaller, more efficient variant
libraries.

2.1.1. In Vitro Gene Diversification. In vitro polymerase
chain reaction (PCR)-based techniques such as error-prone
PCR (epPCR), site saturation mutagenesis (SSM), and
recombination-based DNA shuffling are the most widely
used tools for mutagenizing the parent genes (Figure 3).
EpPCR mimics the imperfect DNA replication process
occurring naturally (107" per base pair (bp)) by introducing
random mutations with a much higher mutation rate (107* per
bp) while copying the target genes. It enables rapid
engineering of a target protein without requiring knowledge
of the protein structure—function relationships. When the
target protein’s structure is available, focused mutagenesis can
be performed on selected residues contributing to the
enzyme’s stability, activity, and selectivity, thus creating a
smaller but more efficient library to ease selection and increase
the likelihood of obtaining improved variants.''® DNA

https://doi.org/10.1021/acs.chemrev.1c00260
Chem. Rev. 2021, 121, 12384—12444


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig1&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

Review

@ Computer-aided evolution
@® Continous evolution

in vitro gene diversification
in vivo gene/genome diversification
Screening/selection methods

Pathway evolution Protein
enantioselectivity
L]

Continous

Multiple rounds in vitro evolution
L]

High-throughput
MS

in vitro of gene diversifications : - [ ] SMAGE
by il al lolomogy-
evolution of Lokl - independent  SHIPREC: NRR; RAGE CREATE
an RNA o recombination  Synthetic shuffling;  Droplet-based TRACE CRISPR-STOP  aMSGE; GRAGE
molecule Phage display SELEX method: ITCHY SCHEMA microfluidics (MO)-MAGE CRISPR-AID  GREACE; MAGIC
. °

®
®
®
®
®
@
®
®

. ' o ¢

°
FACS Directed Directed evolu- in vitro StEP Digital imaging D
evolution of tion of B-lact- recombination a
subtilisin E amase via DNA . e
via error- shuffling in vitro compart- Genome shuffling
prone PCR mentalization

Figure 2. Key milestones of directed evolution.

° . ® ® °
on of Computational design  TRMR PACE pPORTMAGE EvolvR Mammallaln/plant
t and evolution of a OrthoRep CRMAGE ° gene evolution
Kemp elimination CHANGE STEMEs

catalyst CasPER
MAGESTIC

A Random mutagenesis

7
DA

Parent

B Focused mutagenesis

A 7
<~ \
Error-prone PCR

O DAL,

gt
atiirstiiadibet

PPN

PCR with degenerate codon

C Recombination

PPa»>ap>a
liaiiistiiibaiiial

IM@D@IMMHH g il

Homologous genes

DNA shuffling

Shuffled genes

Figure 3. Summary of in vivo gene diversification methods. (A) Random mutagenesis to introduce point mutations by using the error-prone PCR
method.”® (B) Focused mutagenesis by using overlap extension PCR with degenerate oligonucleotides.46 (C) Recombination by DNA

. 5
shuﬁhng.és’é)

shuffling, on the other hand, imitates the natural process of
homologous recombination to access combinations of
beneficial mutations by mutagenizing and recombining
homologous genes at crossover points with high sequence
similarity. Compared with traditional random mutagenesis
methods using chemical or physical agents to randomly
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damage DNA, in vitro gene diversification methods are more
controlled processes that exhibit higher mutation rates and
reduced mutational bias. Random mutagenesis, SSM and DNA
recombination can be used separately or together to achieve

different directed evolution goals (Table 1).
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Table 1. Summary of In Vitro Gene Diversification Methods

category methods principles
Random and fo-  EpPCR Error-prone polymerase dependent random point
cused mutagen- mutation
esis
SeSaM Polymerase independent random point mutation
RID Random insertion/deletion (up to 16 bps) on the
whole plasmid
Transposon- Mu-guided gene disruption followed by MlyI
aided digestion and self-ligation
SSM Saturated mutagenesis on selected residues by
PCR with synthetic DNA oligonucleotides
containing one or more degenerate codons
Recombination- DNA Shuf- HR-dependent DNA shuffling: DNAs are frag-
based mutagen- fling mented by DNase I or restriction enzymes,

esis followed by primer-free PCR cycles

RACHITT HR-dependent DNA shuffling: ssDNA is used to
prepare fragment library and uracil-containing
transit ssDNA template is used to assist
assembly

StEP HR-dependent DNA shuffling: special PCR cycles
with elongation being disrupted earlier

Synthetic HR-dependent DNA shuffling: primer extension

Shuffling by using degenerate oligonucleotides covering
the parent genes

ITCHY HR-independent DNA shuffling: gene is truncated
by restriction enzyme, followed by blunt end
ligation

SHIPREC Modified version of ITCHY: fuse two gene head-
to-tail before random truncation

NRR HR-independent DNA shuffling: gene is truncated

by DNase I followed by blunt ligation

advantages limitations ref
Require no structure and function Mutation bias and narrow 20-25
information; easy to use chemistry diversity; require
high-throughput screening/
selection
Introduce consecutive mutations Laborious; require synthesized —26—29
nucleotides
Introduce indel mutations Laborious; whole plasmid mu- 30
tations
Introduce random trinucleotide de-  Lead truncated proteins; re- 31
letion, insertion, and domain in- quire high-throughput
sertion on target gene screening/selection
Smaller but smarter library; broad Require detailed structure or 32—43,
chemistry diversity function information 45
Access sequential space inaccessible ~ Parent strands contamination; 68, 69
by random and focused muta- low diversity of the chimeric
genesis library
No parent strands contamination; Require uracil-containing 71
higher crossover frequency at less ssDNA template
identified regions
Fragmentation step free; easy to use ~Challenging on long genes with 73
low sequence similarity
Diverse chimeric sequence libraries  Challenging on long genes with 67
low sequence similarity
Create fusion library between two Lead truncated proteins; 76
genes with low similarity; intro- limited to two-crossover li-
duce fusion points at nonhomol- braries
ogy sites
Reduced truncated genes in the final ~Limited to two-crossover libra- 78
library ries
Generate diverse libraries with up to  Lead nonfunctional proteins. 79

11 crossovers

2.1.1.1. Random Mutagenesis. Mutation rate and the
mutational spectrum are the most important factors to be
considered when designing a random mutagenesis experiment.
A typical random mutagenesis method has a moderate
mutation rate of 107* to 107 substitutions per replicated
base (s.p.b.). An unbiased method exhibits a transition (Ts) to
transversion (Tv) ratio of 0.5, AT - GC to GC — AT
transition mutation ratio of 1, and the equal frequency of
mutating A’s and T’s versus the frequency of mutating G’s and
C’s.

EpPCR was first developed by Goeddel and co-workers in
1989 and remains the most commonly used in vitro random
mutagenesis method.”” The basic principle is to use a low
fidelity DNA polymerase such as Taq and Mutazyme
polymerases to generate point mutations during PCR
amplifications under nonstandard conditions. Increased
magnesium concentration, supplementation with manganese,
unbalanced ANTP concentrations, or extended PCR cycles can
reduce the fidelity of base-paring and increase the mutation
rates up to 8 X 107 s.p.b. Using mutagenic nucleotide
analogues can further improve the mutation rates up to 107>~
107's.p.b.>" The traditional epPCR using Taq polymerase has a
bias for AT — GC transitions and AT — TA transversions. A
more balanced mutation distribution can be created by using a
blend of Taq polymerase and Mutazyme DNA polymerase that
preferentially generates GC — AT transitions and GC — TA
transversion mutations.”” This strategy is commercially
adopted for preparing a random mutagenesis kit. To simplify
the general cloning process involved in epPCR, Hayashi and
co-workers developed error-prone rolling circle amplification
to generate a randomly mutated plasmid library with a
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moderate mutation rate of 3 X 107 sp.b.”>™*° The key
advantage of this technique is the simple procedure without
requiring either PCR or restriction digestion-ligation cloning
experiments. However, it is less controlled since mutations can
be generated along the whole plasmid.

Sequence saturation mutagenesis (SeSaM) is a polymerase
independent random mutagenesis tool complementary to
epPCR. It has been found that beneficial substitutions can
be preferentially achieved by having a strong bias for
transversions during mutagenesis and by introducing consec-
utive mutations.”® The combination of transition bias and
inability to create adjacent mutations in the epPCR largely
limits the genetic diversity. The basic principle of SeSaM is to
use a-phosphorothioate nucleotides to “select” any nucleotide
to mutate and use universal bases that have promiscuous base
pairing ability and coding bias to achieve mutations with
tunable mutational bias.”**’ Transversion-enriched SeSaM led
to G = T (~20%) and G — C (8%) transversion mutations
with Ts/Tv ~0.5 and consecutive mutations (up to 37%) that
were hardly ever achieved by epPCR.***’

Indel mutations, amino acid deletions and insertions, are
inaccessible by epPCR and SeSaM, but are commonly
observed among natural protein homologues and can result
in conformational and functional variants that cannot be
obtained through side-chain substitutions. Sisido and co-
workers first reported a random insertion/deletion muta-
genesis (RID) method that enabled deletion of an arbitrary
number of consecutive bases (up to 16 bps) at a random
position while inserting an arbitrary number of specific or
random bases into the same position.”’ However, its
experimental implementation was relatively tedious. Different

https://doi.org/10.1021/acs.chemrev.1c00260
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from RID which introduced indel mutations randomly to the
whole plasmid, transposon-based approaches were developed
to sample trinucleotide deletions, trinucleotide replacements,
and domain insertions on specific genes of interest.’’ All
transposon-aided approaches shared the same principle to
introduce indel mutations: gene disruption by transposition
with an engineered Mu transposon, followed by MlyI digestion
and self-ligation. The experiment is convenient to carry out,
but the created library contains many truncated proteins; thus
high-throughput screening methods are necessary for the
successful application of this strategy.®”’

2.1.1.2. Focused Mutagenesis. SSM is the most popular
focused mutagenesis method in which a single amino acid
residue can be substituted with all other 19 amino acid
residues. Selected residues can also be clustered together for
mutagenesis to increase the dimension of library complexity.
All SSM approaches introduce mutations during oligo
annealing or PCR by using synthetic DNA oligonucleotides
containing one or more degenerate codons at the target
residues. SSM libraries can be generated by a couple of
different methods: (1) cassette mutagenesis; (2) whole
plasmid amplification; and (3) PCR mutagenesis.

In cassette mutagenesis, a small region around the target site
is excised from the plasmid. The same mutagenized region
flanked by corresponding restriction sites is prepared by
synthetic oligonucleotide annealing and introduced in the
plasmid by restriction digestion and ligation. This method
generates a library of variants with low wild-type protein

background since the protein function will only be restored
when the mutagenized cassette is inserted. However, it is
limited to prepare single-site mutagenesis libraries or multisite
mutagenesis libraries with target residues close to each other,
i.e.,, within 60 bp nucleotides.”” >* Whole plasmid amplifica-
tion is a very simple method without the need for any
subcloning, A pair of complementary®® or partial 5’ overlap
primers®® containing degenerate codons is used to amplify the
whole plasmid harboring the gene of interest. The resultant
library is treated with Dpnl to eliminate the parental
methylated DNA strands. Transformation of the variant
DNA strands into Escherichia coli can directly repair the
nicks and express the variant proteins. This strategy can
generate two simultaneous mutations at a distant location.***”
The modified method, OmniChange, can generate up to five
distant mutation sites simultaneously. However, the primers
used in OmniChange need to be specifically synthesized to
have 12 bp overlapping tails with phosphorothioate bonds, and
additional iodine treatment is required to create the overhangs
for annealing purposes.”® The key drawback of the whole
plasmid amplification method is that the undigested parent
plasmids always result in high wild-type protein background.
PCR-based mutagenesis together with either restriction
enzyme based cloning or other elegant DNA assembly
protocols is probably the most popular method for preparing
single or multisite saturation mutagenesis libraries.””~*' The
key advantage of PCR-based mutagenesis is that multiple
primers with one or more degenerate codons can be used to
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generate multiple distant mutations simultaneously. For
example, overlap extension PCR and its modified methods
can reliably generate up to six simultaneous mutations.*”*
The primer extension method that uses phosphorylated
primers and T4 ligase together with PCR can generate more
than 10 simultaneous mutations;"* and the “Incorporating
Synthetic Nucleotides via Gene reassembly” method can create
a library of variants with varying degrees of mutations at
different sites.*

The key considerations in an SSM experiment are codon
degeneracy and SSM strategy. Theoretically speaking, the more
degenerate codons used, the more diverse library will be
created with increasing probability of finding beneficial
mutations. However, using a completely randomized codon
(NNN, N = A, C, G or T) results in an extremely large library
when mutagenizing multiple sites simultaneously, which makes
the screening/selection step very difficult. Thanks to codon
redundancy, NNK (K = T or G) reduces the library size by half
with 32-fold degeneracy but still encodes the usual 20 amino
acids. Further reducing library size can be achieved by using
NDT (D = A, G, or T) or DBK (B = C, G, or T) that encode
12 structure-balanced amino acids that result in a library with
higher quality in some studies.** With more knowledge of
protein structure—function relationships, the degeneracy can
be further reduced to more specific amino acids that are likely
beneficial. =8 Step-wise saturation mutagenesis, later called
iterative saturation mutagenesis (ISM), is probably the most
widely used strategy to create a focused mutagenesis
library.””* ISM is based on the Cartesian view of protein
structure, performing iterative cycles of saturation mutagenesis
at rationally chosen sites that may be crucial for enhancing
protein property of interest. Unlike multiple rounds of epPCR,
ISM uses the variant gene of a hit from a given library as the
starting point for the next round of SSM at the other sites, in
which the likelihood of obtaining additive and cooperative
effects of newly introduced mutations in the protein space will
be maximized. ISM and its derivatives have been widely used
to enhance the catalytic properties of enzymes, especially
enantioselectivity,”' and thermostability.>*

2.1.1.3. Recombination. Homologous recombination plays
a key role in natural evolution to recombine beneficial
mutations while removing deleterious mutations. Computer
simulations demonstrated the importance of iterative homol-
ogous recombination in directed evolution because it can
explore the sequence space that cannot be accessed by
noncombinatorial methods such as epPCR and focused
mutagenesis.sg”54 Recombination can occur among single
genes with random point mutations®>~>* or naturally occurrin
homologous genes, which provides “functional diversity”.*”
This strategy has been proved to be useful in _imgroving
enzyme activity,>*°"* stability,”* " and folding,””*° and it
even can be used to engineer multiple properties of a single
protein at the same time, which is hardly achievable by random
mutagenesis.”” DNA shuffling and its derivative methods are
popular recombination methods to evolve target genes in vitro
(Figure 4). DNA shuffling, first reported by Stemmer and co-
workers, fragments double-stranded DNAs with DNase L6867
The fragments are randomly reassembled into full-length genes
in a primer-free PCR step, resulting in template switching and
recombination. The libraries of chimeric genes are amplified by
standard PCR and cloned into a vector for further analysis.
The main limitations of DNA shuffling are the strong tendency
for reconstitution of parental genes and low diversity of the

chimeric library since the major crossovers occur at the regions
of high sequence identity.”” To improve the combinatorial
efficiency of DNA shuffling, different techniques were
developed. For example, “random chimeragenesis on transient
templates” (RACHITT) developed by Monticello and co-
workers uses single-stranded oligonucleotide (ssDNA) to
prepare library fragments and uracil-containing transit ssDNA
templates to assist assembly.”' Instead of using PCR,
RACHITT assembles the fragments by hybridizing them
with transit templates, trimming the mismatches, filling and
ligating the gaps. The heteroduplexed template is then
destroyed by uracil-DNA-glycosylase treatment and replaced
by a homoduplex chimeric strand during PCR. This method
reduces the contamination of parent strands to zero and
introduces regions with a sequence identity of 10 or fewer
bases at 29% crossover frequency, thus largely improving the
crossover resolution. Additionally, combinatorial diversity can
also be largely improved by assembling the chimeric genes in
yeast.72

A few DNA shuffling methods purely based on PCR
techniques were developed to simplify the DNA shuffling
procedures and improve the crossover frequency (Figure 4).
The staggered extension process (StEP), developed by Arnold
and co-workers, consists of special PCR cycles with elongation
being disrupted earlier due to denaturation.”’ The growing
fragment can anneal to the new template in the following
cycles and extend further to create chimeric cassettes. The
crossover frequency can be maximized by using synthetic
shuffling which became popular due to the decreased price of
single oligonucleotide synthesis.”” In this strategy, the diversity
from the parent genes is encoded in dozens of degenerate
oligonucleotides with homologous overhangs, and the chimeric
library is created by primer extension (Figure 4). This method
synthetically allows each codon from the templates to combine
independently and greatly increases the diversity of chimeric
sequences that cannot be achieved by fragment-based shuffling
methods. However, it might be challenging for parent genes
with low sequence similarity.

The above-mentioned homology-dependent shuffling meth-
ods require relatively high levels of DNA homology to
recombine genes in vitro. However, many proteins sharing
similar three-dimensional structures show low or even no
perceptible sequence similarities.”*”> DNA shuffling does not
always result in functionally improved protein either. To
further expand the application of recombination in protein
engineering, a set of homology-independent recombination
methods have been developed to explore beneficial combina-
tions of mutations among parental genes with low sequence
similarity. Incremental truncation for the creation of hybrid
enzymes (ITCHY) creates a fusion library between two genes
sharing low sequence similarity by incremental truncation and
ligation, which allows a more diverse set of functional fusions,
including chimeras with fusion points at nonhomologous
sites.”® ITCHY can also be used together with DNA shuffling
to further recombine the library created by ITCHY to access a
more diverse sequence space.”” However, ITCHY generates a
large portion of truncated protein fragments because random-
sized fragments from two genes are fused to each other. A
modified method, sequence homology-independent protein
recombination (SHIPREC), fuses two genes head-to-tail
before random truncation, and only the fragments with a
single gene length are chosen for further analysis.”® This
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method largely decreases the number of truncated genes in the
final library and improves the efficiency of screening.

Both ITCHY and SHIPREC can generate chimeras with
only two crossovers. Nonhomologous random recombination
(NRR) developed by Liu and co-workers increases the number
of crossovers to as many as 11 per gene.”” Like DNA shuffling,
NRR uses DNase I to prepare a library of random fragments.
Differently, the fragments are blunt ended with T4 DNA
polymerase and reassembled by ligation. Two hairpin
sequences are added in a defined stoichiometry in the ligation
reaction to control the final product size that can be further
controlled by adding an electrophoresis step. Nonhomologous
multicrossover can also be achieved by PCR-amplifying the
templates with primers containing Type IIS restriction
enzymes. The fragments are digested and assembled by
Golden Gate assembly.*”®" The library obtained from
nonhomologous shuffling methods generally contains func-
tional proteins at an extremely low percentage due to
mutations, insertions, and deletions. A computational algo-
rithm SCHEMA can be used to predict polypeptide elements
that can be exchanged among different proteins with minimum
function disruption based on structural information, thus
largelgfo 8glecreasing the percentage of nonfunctional pro-

2.1.2. In Vivo Gene Diversification. In vitro mutagenesis
is powerful but includes iterative cycles of gene diversification,
transfection, screening, and isolation, which are labor and time
intensive. Thus, in vitro mutagenesis is generally used to
explore the partial sequence space of a single gene. Muta-
genesis in intact living cells can avoid repetitive cloning and
transformation/transfection steps and can mutate multiple
target residues simultaneously. If the desired phenotype can be
linked with the cell growth or screened in a high-throughput
manner, in vivo mutagenesis theoretically can restore and
expedite natural evolution in the laboratory. Early applications
of an E. coli mutator strain (e.g,, XL1-red**™*°) and mutator
plasmid (e.g., plasmid encoding mutDS®”) resulted in 4,000- to
5,000-fold greater frequency of single point mutations than the
wild-type strain. However, both mutator strain and plasmid
have limited applications since they introduce deleterious
mutations in the host genome and result in genetic instability.
Genome shuflling of microorganisms through protoplast fusion
and mating from a diverse population is another popular
strategy to engineer Gram-positive bacteria,”**” plants,” and
fungi.” It can accelerate directed evolution through genomic
recombination without knowledge of the genomic details.
However, it is hard to track the genomic changes in the
improved variants. In this section, better controlled and
tractable in vivo mutagenesis strategies will be highlighted.

2.1.2.1. Orthogonal Mutator Plasmids and Mutator
Strains. An error-prone orthogonal DNA replication system
has been increasingly used in single or multiple gene
mutagenesis. In this system, the DNA-dependent RNA
polymerase of bacteriophage T7 (T7 RNAP) can specifically
recognize the T7 phage promoter. Fusing bacteriophage T7
RNA polymerase with cytidine deaminase can randomly
introduce CG — TA mutations on a target gene with a
mutation rate of around 107 in both E. coli and human
cells.”>~* The system is very easy to set up and introduces
random mutations over a relatively longer sequence (up to 8
kbps) without reducing host viability or inducing “parasite” off-
target mutations that lead the cell to circumvent the selection
pressure. As an alternative strategy, OrthoRep, a highly error-

prone orthogonal DNA polymerase (TP-DNAP1)-DNA
plasmid pair, was developed in Saccharomyces cerevisiae. It
consists of Kluyveromyces lactis linear plasmids and their
corresponding DNA polymerase.”> The special replication
mechanism of these cytoplasmic plasmids enables the
engineered error-prone TP-DNAP1 variants to mutate user-
defined genes at a rate of 107> s.p.b. without increasing the
genomic mutation rate (~107'° s.p.b.). However, its
complicated experimental procedure limits the application.

B lymphocyte is another “mutator strain” used to engineer
antibodies and other proteins. Although genetic information is
maintained with high fidelity in most human cell lines, the
activated B lymphocytes in the immune system can specifically
mutate immunoglobulins (IGs) through somatic hyper-
mutation (SHM). SHM uses an inducible cytidine deaminase
and an error-prone DNA repair process to introduce random
mutations on IGs at a rate of 107> m.p.b. while theoretically
exerting no mutation load on other genes.%’97 A human
Burkitt lymphoma cell line and a hypermutating chicken B-
lymphoma cell line that can mutate IGs and display the
encoded immunoglobulin M on cell surfaces can be used to
effectively generate antigen-specific monoclonal antibodies.”
Although SHM has been shown to work on non-IG genes, its
application on heterologous proteins is still limited.”” """

2.1.2.2. Recombination-Based Methods. Multiplex auto-
mated genome engineering (MAGE) is one of the most
popular recombination-based in vivo mutagenesis strategies in
E. coli. It was developed based on ssDNA mediated
recombineering (Figure 5). Briefly, exogenously introduced
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Figure 5. Representative in vivo gene recombination strategies in
bacteria and yeast. (A) Oligonucleotide mediated recombineering
(eg, MAGE'™). (B) Cre-LoxP mediated recombineering muta-
genesis (e.g, SCRaMbLE''*"'7),

Synthetic yeast genome
with LoxPsym sites

ssDNA can be annealed complementary to the lagging strand
at the DNA replication fork by the assistance of the f protein
in the bacteriophage 1 Red system.'”” The recombination
efficiency can be further improved by disrupting the methyl-
directed mismatch repair (MMR) system that has been found
to correct the base incorporation errors occurring in the
progression of the replication fork."””> MAGE can simulta-
neously target multiple locations on the chromosome of E. coli
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for combinatorial genomic engineering. Iteratively introducing
synthetic DNA allows generation of a huge combinatorial
library within a few days for directed evolution.'**

Due to the inactivation of the MMR system, the
accumulation of off-target mutations is one of the main issues
in the MAGE system.'” Instead of turning off the MMR
system, overexpression of the E. coli Dam methylase can mask
the incorporated mismatches from being detected by the
MMR system, thus achieving a comparable allelic replacement
efficiency but a 33-fold lower off-target mutation rate.'”® The
off-target rate can be reduced to the wild-type level by using a
precise and portable MAGE system, pORTMAGE, where a
dominant negative variant of the E. coli MMR protein MutL
and A Red recombinase are expressed under the control of a
temperature-sensitive repressor.'”’ The MMR system is
temporarily turned down to induce the recombination of
foreign ssDNAs, while otherwise keeping proper function.'*®
Importantly, since the MutL mutator allele cannot be
complemented by the native MutL protein,'” pORTMAGE
can be used in different E. coli species without tedious strain
modification. Low recombination efficiency is another draw-
back of the early MAGE system (<2% for ssDNA of larger than
20 bps). A coselection strategy (CoS-MAGE) was developed
to assist the isolation of highly modified cells by spiking the
targeted ssDNA pools with a trace amount of oligos with a
selection marker."'”'"" Cos-MAGE increases the recombina-
tion frequency from 3% to 15.6% and the frequency of
obtaining highly modified clones with multiple mutations more
than 200 times.''” To enable large fragment (several hundred
bps) insertion, a synthetic double stranded DNA cassette
mediated homologous recombination strategy was developed
in the recombination-proficient E. coli. The resulting method
named trackable multiplex recombineering (TRMR) was used
to rapidly regulate more than 95% of the genes in the E. coli up
or down by integrating functional cassettes in the front of the
protein-coding genes.l 2

MAGE has also been adapted to eukaryotes such as yeast
and the resulting method is named yeast oligo-mediated
genome engineering (YOGE)."'* Exogenous ssDNA-mediated
genome editing in yeast is challenging due to the low
homology recombination efficiency of ssDNA (~107%).""
Overexpression of homologous recombination factors RadS1
and Rad54 in an MMR-deficient strain resulted in an enhanced
allelic replacement efficiency of 0.1—2%.''" Interestingly, in
another eukaryotic MAGE (eMAGE) system, allelic replace-
ment efficiency was considerably increased (up to 40%) by
overexpressing phage 4 Red Beta ssDNA annealing protein
Rads9 in the AradS1 background strains.''> This eMAGE
system can introduce precise modifications at single base-pair
resolution without unintended mutagenic changes at the
targeted genetic loci and can simultaneously introduce dozens
of mutations (up to 12 ssDNAs with 60 targeted mutations) in
one transformation. However, the recombination efficiency
dropped tremendously when working with ssDNA with up to
30 bp mismatches or 12 bp insertions.

Another useful yeast combinatorial mutagenesis method is
synthetic chromosome rearrangement and modification by
LoxP-mediated evolution (SCRaMbLE) (Figure S), which was
established for the synthetic yeast genome project, Sc 2.0. Sc
2.0 aims at synthesizing the entire yeast genome with a built-in
diversity generator, such as LoxPsym sequences, that will result
in gene deletion, inversion, translocation, and duplication in
the presence of Cre recombinase.''®""” The modifications are

first made at the chromosome arm level and then combined.
Once complete, more than 5,000 LoxPsym sites will be
scattered over the whole synthetic genome. Although Sc2.0 has
not been finished yet, SCRaMbLE mediated single synthetic
chromosome rearrangement has generated diverse haploids,
homozygous, and heterozygous diploids with improved
phenotypes, which reveals the great potential of its application
in yeast evolution.''*™"*" Precise control of SCRaMbLE is
critical for creating genomic diversity since continuous LoxP
recombination decreases the stability of the synthetic
chromosome by deleting some essential genes. SCRaMbLE
can be turned on by an f-estradiol inducible system where Cre
is fused to the estro$en—binding domain (EBD) of the murine
estrogen receptor.'”' Theoretically, Cre is translocated to the
nucleus from the cytosol in the presence of estrogen, but its
leaky expression results in subtle fitness defects in the synthetic
yeast.''”'** Tighter control can be achieved by using an
“AND” gate where expression of Cre-EBD was controlled by
the galactose inducible promoter.''” Cre was only fully
expressed when simultaneously adding galactose and estradiol.
The activated Cre system can be more easily turned off by
using a light controlled split Cre system where each domain of
Cre was fused to two heterophytochrome B and its interacting
factor PIF3 from the plant. This system also showed lower
background recombination.'**

2.1.2.3. CRISPR-Based Methods. Clustered regularly inter-
spaced short palindromic repeats (CRISPR) are the hallmark
of a bacterial defense system where RNA-guided endonu-
cleases (e.g, Cas9, Cpfl) are used to bind and cleave foreign
nucleic acids. Various CRISPR-Cas systems have been
programmed to use simple 20 bp guide RNAs (gRNAs) to
search and target user-defined sequences of different species
and edit DNA at precise locations by creating double- or
single-strand DNA breaks that are repaired by either
nonhomologous end joining or homologous recombina-
tion.'**'** Probably because nonrepaired breaks lead to cell
death and cutting continuously occurs until the mismatches
disrupt gRNA recognition, CRISPR-Cas improved homology
recombination efficiency drastically in both prokaryotes and
eukaryotes (from 107° to ~80%).">>'*® CRISPR-Cas enables
large fragment deletion, insertion, and replacement with
multiple mismatches, and multiplex editing at high efficiency
that cannot be achieved by any previous methods (Figure 6A).
For instance, integration of the CRISPR-Cas system into
MAGE increased the recombineering efficiency from about 3%
to 98% for gene recoding and from about 5% to 70% for small
insertions and substitutions.'”” The recombination efficiency
remained almost unchanged in E. coli with an intact MMR
system, which largely reduced the off-target rate associated
with the defect mismatch repair system in MAGE."**

In yeast, the efficiency of editing three genes simultaneously
by CRISPR-Cas system could be as high as 90% by using only
S0 bp homology arms (HA).'"”® Coupling CRISPR-Cas9
mediated nucleotide replacement with epPCR (CasPER) is a
useful tool to introduce random mutations over any 600 bp
genomic region with even mutation frequencies.'”” CHAnGE,
a CRISPR mediated homology-directed-repair (HDR)-assisted
genome-scale engineering method, was developed to precisely
knock out each gene in S. cerevisiae in a controlled manner."*
Large-scale engineering is achieved by synthesizing CRISPR
guide sequences and the HAs in individual oligonucleotides on
microarray chips. Cloning and delivering a pooled CHAnGE
plasmid library in S. cerevisiae followed by gene editing results
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Figure 6. CRISPR-assisted in vivo mutagenesis. (A) CRISPR-Cas9-
HDR;'**'*¢ (B) dCas9- medlated gene activation; ** (C) dCas9-
mediated gene repression; ** (D) genome-wide single gene knockout
by base-editing-induced nonsense mutations;'*' (E) random muta-
genesis induced by bzise-teditirlg;l37’138 (F) random mutagenesis
induced by nCas9-E. coli DNA Poll (error-prone) hybrid protein.'**

in a yeast variant library for subsequent phenotypic screening.
The unique sequence of the gRNA serves as the barcode for
variant tracking by next-generating sequencing. This method
efficiently edits more than 98% genes with an average
frequency of 82% in one transformation and can also be
used to perform SSM of the target gene in vivo. A few similar
CRISPR-Cas9-mediated HDR systems were developed around
the same time for both yeast'>"'** and E. coli'*” with minor
modifications (Table 2).

In addition to controlled genome-wide gene deletion, the
multifunctional genome-wide CRISPR (MAGIC) system can
precisely overexpress and down-regulate each gene in S.
cerevisiae at the same time (Figure 6BC).°® MAGIC was
developed based on an orthogonal trifunctional CRISPR
system that consists of transcriptional activation, transcrip-
tional interference, and gene deletion in S. cerevisiae.>* Tt
enables the creation of the most comprehensive and diversified
genomic libraries by using three independent guide-sequence
MAGIC libraries for activation, interference, and deletion,
respectively. And it covered more than 99% of all open reading
frames plus RNA genes. Additionally, combinatorial gRNA
libraries consisting of any two MAGIC libraries enable the
discovery of synergistic effects of two genes.

CRISPR-Cas9-mediated HDR can also be utilized to
perform directed evolution on proteins in mammalian cells.
Using single-stranded DNA oligonucleotides with phosphor-
othioate bonds at both 3" and 5’ as homology template can
improve the homology repair efficiency up to 35%. Up to nine
consecutive degenerate codons flanked by 49 bp single-
stranded oligodeoxynucleotide (ssODN) can be used to
introduce SSM of 14 aa. in the target genes. Coupling
mammalian cell display and next-generation sequencing,
homology directed mutagenesis can be used in a high
throughput manner in antibody engineering.'** Recently, a
new HDR strategy was developed to engineer heterologous
proteins in the cytosol or subcellular compartments of
mammalian cells in a single-variant-per-cell manner. The target
protein with up to 59 bp target site deletion was linked with a
reporter cassette mTagBFP2. The repairing of the frame-
shifted target protein with ssODN containing degenerate

codons through CRISPR-Cas-mediated HDR can restore the
out-of-frame reporter and edited variants can be enriched
efficiently by screening. Additionally, tagging the target gene
with lysosome-associated membrane glycoprotein 3 can
localize the protein of interest inside the lysosomal lumen
for optimizing the protein’s function, Wthh is critically
dependent on the subcellular compartment.'®

Modified CRISPR-Cas systems can also introduce random
point mutations at target genes without creating double-strand
breaks. Using the deactivated Cas9 protein conjugated with an
activation-induced cytidine deaminase (AID) variant with
partial depletion of its C terminus can introduce random point
mutations within a 4 bp window at target loci in human cells
with a substitution frequency of around 3% when single gRNA
(sgRNA) is used (Figure 6E).!37138 Although overexpression
of AID mainly introduces C to T or G to A mutations in cell
lines, dCas9-AIDx can mutate C or G to all the other three
bases with an even probability. A random mutagenesis library
can be created over a short-range of genomic DNA (150 bps)
when a pooled of sgRNA is used. Coexpression of dCas9-AIDx
with an uracil glycolysis inhibitor (UGI) increases the
mutation frequency up to 20% but restricts the mutations to
C — T or G — A substitutions. The mutation window can be
expanded to about 20 bps upstream of the PAM sequences
when using a sgRNA containing MS2 hairpins in its stem loop
which recruits the hyperactive AID variant fused to MS2
binding proteins."*” However, this strategy results in lower
average mutation frequencies, 0.25% to 2.5%, depending on
the targeting sites. A similar technique was also developed in
plants, where five saturated targeted endogenous mutagenesis
editors (STEMEs) were used to mutate endogenous plant
genes.'*" Two versions of STEMEs were constructed:
STEME-1 was applied to edit cytosine and adenine at the
same target site with C > T efficiency up to 61.61% and
simultaneous C — T and A — G efliciency up to 15.1%;
STEME-NG was used with 20 individual sgRNAs to produce
near-saturated mutagenesis at 1 kb gene target'*’ Single-
nucleotide base substitutions, in-frame indels, and site-specific
mutagenesis can be achieved by STEMEs. However, the
narrow editing window is still a big issue. In addition to
random mutations, base-editors can be used to perform gene
knockout by mutating Arg, Gln, or Trp to stop codons
(CRISPR-STOP) (Figure 6D)."*" CRISPR-STOP is efficient
and less deleterious compared with CRISPR-Cas9-mediated
HDR and has great potential for whole-genome knockout
experiments in mammalian cells. Instead of dCas9, Cas9
nickase (nCas9) and its variants with broader PAM sequence
specificity could create single-strand breaks at the target loci
while conjugated cytosine base editors and adenine base
editors simultaneously induced C to T and A to G mutations
with an efficiency up to 15%."*" Since the mutation window is
also small for each sgRNA, about 12 bps for C — T and 4 bps
for A = G, hundreds of sgRNAs are needed to cover a single
gene of 1,200 bps.

Coupling nCas9 with error-prone E. coli DNA polymerase
Poll can also lead to random mutagenesis at target loci in E.
coli (EvolvR) (Figure 6F).'** The mutation rate can be tuned
by using different Poll variants from about 107 to 107>, A
higher background mutation rate was also observed for Poll
with lower fidelity. Although it was claimed that the editing
windows could be up to 350 bps, the majority of the mutations
still occurred within SO bps of the nicking site. Increasing the
editing window by using sgRNAs might be critical to improve
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Table 2. Summary of Gene Diversification Methods
category methods principles advantages limitations ref
Mutator strain Mutator E. E. coli variants with deactivated DNA repair 5,000-fold increased mutation rates Genetic instability due to un- 83—86
and plasmid coli pathways controlled, genome wide
mutagenesis
Mutator plas-  Curable mutator plasmid carry mutDS5 or error- Lower background mutation; high Mutation occurs near the rep- 87
mid prone Pol I mutation rate at 107> s.p.b. (error- lication of origin (error-
prone Pol I) prone Pol I); background
mutations
B lympho- Somatic hypermutation in activated B lympho- High mutation rate (10~ s.p.b.) on Mainly for antibody engineer- 98—101
cytes cytes Igs; minimum background muta- ing
tions
OrthoRep Error-prone orthogonal linear DNA replication High mutation rate (10~ s.p.b.) on Laborious 9§
platform in S. cerevisiae target gene; no background muta-
tions
Orthogonal Polymerase and cytidine deaminase hybrid Orthogonal; easy to use; work in both  Mutation bais: C:G =T:A 92—94
T7 system proteins introducing random mutagenesis E. coli and human cells
during gene transcription
Recombination- Genome shuf-  Protoplast fusion for gram positive bacteria; Convenient and efficient whole ge- Hard to track the relationship 88—91
based mutagen- fling conjugation for E. coli; mating for yeast nome recombination strategy between the genotype and
esis the phenotype
MAGE ssDNA-mediated combinatorial optimization of ~Multiplex targeting; work in both E.  Accumulation of off-target 104
bacterial phenotypes; similar techniques CoS- coli and yeast; easy to generate huge mutation and low recombi-
MAGE, pORTMAGE, YOGE, eMAGE, etc. combinatorial library nation efficiency in some
cases
TRMR Double strand DNA cassette-mediated recom-  Up or down regulate multiplex genes  N.A. 112
bination strategies in E. coli; tractable
SCRaMbLE Cre-LoxP-based recombination on synthetic Can generate diverse haploids, Limited to yeast with synthetic 116, 117
yeast genome monozygous and heterozygous dip- genome; lead to unstable
loids genome
CRISPR-based CRISPR-Cas-  CasPER: perform random mutagensis over 600  Evenly distributed mutation Single gene and narrow region 129
mutagenesis mediated bp genomic region of yeast
HDR CHAnGE, MAGESTIC, CREATE, etc.: ge- Genome wide gene knockout or SSM  No more than 3-genes couldbe ~ 130—133
nome wide editing in yeast and E. coli on single gene at high editing engineered simultaneously
efficiency
HDR: perform directed evolution on proteins ~ SSM on a single gene at high editing  Single gene and narrow region 135, 136
in mammalian cells efficiency
MAGIC: genome-wide editing in yeast using Perform gene knockout, overexpres- Require high-throughput 134, 668
orthogonal CRISPR system sion, and knockdown on >99% of all screening/selection
open reading frames and RNA genes
dCas9-deami-  CRISRP-AID, CRISPR-STOP, STEME: intro-  Introduce single bp editing on the Narrow editing window 137—141
nase duce point mutation on the target site by target gene in E. coli, yeast, human
using dCas9-deaminase conjugation protein cell and plants
EvolvR introduce random mutagenesis on the target Tunable mutation rate Elevated background mutation 142
site by nCas9-Poll (error-prone) conjugated (1077-107% s.p.b.) rate; narrow editing window
protein
Retroelement- Retrons Introduce maximum 6 random mutation on the Multiple mutation within narrow low overall mutation fre- 146
based mutagen- target genomic DNA window quency; narrow editing win-
esis dow
ICE Retroelement-based random mutagenesis of high mutation rate (10~ s.p.b.) on the ~Challenging to evolve pathways 147

target gene in yeast

genes without obvious transition/
transversion bias over kilobase genes

more than 3.5 kbps

the efficiency of both dCas9 and nCas9 associated random
mutagenesis.

2.1.2.4. Retroelement-Based Methods. Bacterial retroele-
ment “retrons” produce hybrid RNA-ssDNA molecules called
msDNA that edit homologous sequences. Retrons contain a
guide (msr) and a target cassette (msd) that fold into a
secondary structure after transcription.143 Reverse transcriptase
recognizes this structure and reverse-transcribes the msd
sequence to form msDNA that can edit homologous genomic
regions.'** Retrons can be programed to express synthetic
ssDNAs of interest in E. coli, thus acting as a specific genome
editing tool.'** Retrons may edit genes in a fashion similar to
ssDNA. Overexpression of 4 phage f protein and knocking-out
exonuclease genes improved editing efficiency up to 6% and
can introduce a maximum of 6 mutations within a 30 bp
segment. Transcribing the retron cassette with an error-prone
RNA polymerase can introduce random mutations on the
target genomic DNA. However, application of this approach is

12393

limited due to its narrow editing window and low overall

mutation frequency (~10~

7)'146

Retroelement-based in vivo mutagenesis in vivo continuous

evolution (ICE), was developed in yeast.'*” The replication
cycle of the yeast native retrotransposon Tyl proceeds through
an RNA intermediate that is converted to complementary
DNA by reverse transcriptase and integrated into the genomic
DNA."**7"%9 The error-prone nature of Tyl replication cycles
enables random mutagenesis of heterologous genes inserted
between long terminal repeats (LTR) of Tyl with a mutation
rate of up to 107"’ The overall transposition frequency was
improved to 10 by tuning the expression of key regulators of
Tyl transposition, which ensures the practical library size to
cover all variants. Impressively, this system can introduce
random mutations without obvious transition/transversion
bias over kilobase genes and thus can be used to mutate a
metabolic pathway.

2.1.3. Computational Tools for Gene Diversifications.
Directed evolution experiments are often labor intensive due to
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Table 3. Representative Examples of Computational Tools for Gene Diversification

category software principles features ref
Sequence- FOLDEF Analyze importance of the The FOLDEEF is available via a web-interface. It can be used as a fast method for ab initio 648
based interactions contributing to structure prediction.
stability
SIFT Analyze amino acid substitution ~ SIFT can be used to eliminate functionally neutral substitutions and prioritize substitutions 151
significance contributing to phenotypic differences.
PANTHER Analyze amino acid substitution ~ The hidden markov model scores, derived from observing amino acid substitutions, can be 152
significance used to predict whether a given alleles functionally deleterious.
WebLogo Generate sequence logo graph WebLogo is useful to generate graphical representations of sequence patterns for visualization. 649
PoPMuSiC 2.1 Predict protein stability upon site  PoPMuSiC is available via a web server. It can be used to estimate the optimality of each amino 650
mutations acid in the sequence with respect to structural stability.
PROVEAN Predict functional effect of amino PROVEAN is available via web server. It can generate predictions for all types of mutations. It 153
acid substitutions and indels can also support high-throughput analysis.
CAVER 3.0 Analyze transport pathways in CAVER offers a web server for geometry-based analysis of pathways in both static and dynamic 156
dynamic protein structures protein structures.
Structure- LPC and CSU Analyze interatomic contacts and  The software can be used to calculate the solvent-accessible surface; determine the contacting 651
based software interface complementarity residue; and indicate all hydrogen bonds.
I-Mutant 2.0 Predict stability change of I Mutant can be used to automatically predict protein stability upon single point mutation with 188
mutated protein either structure input or structure input.
Q-SiteFinder Predict ligand binding sites Q-SiteFinder can be used to identify ligand binding sites for virtual screening and protein 652
residues within a suitable range of the probe clusters.
CASTp Analyze surface features, CASTYp offers a web server and can visualize the annotated functional residues, with emphasis 155
functional regions on mapping to surface pockets and interior voids.
CUPSAT Analyze protein stability changes ~ CUPSAT is available via web server. It can predict variant stability based on existing protein 653
upon point mutations structures or based on uploaded custom structures.
SITEHOUND- Predict ligand binding site SITEHOUND offers a web server that can identify regions of the protein characterized by 654
web favorable interactions with a probe molecule, given a protein structure in PDB format.
ConSurf 2010 Analyze evolutionary ConSurf is available as a web server. It can calculate the evolutionary conservation of amino 655
conservation in sequence and acid positions by using either sequence or structure input.
structure
LigPlot+ Analyze ligand-protein LigPlot+ is a graphical system that can be used to visualize hydrogen bond interaction patterns 656

interactions

and hydrophobic contacts.

the requirement for iterative rounds of diversification and
selection of a large library. Moreover, the efficiency of directed
evolution can be greatly influenced by the quality of the library.
To address these limitations, a “semi-rational” prescreening can
be used to reduce the size of the library and simplify
experimental screening. To design a high-quality library which
is more likely to yield positive variants, various computational
tools have been developed to identify promising target
residues. In this section, the computational tools are classified
based on the information utilized by the models into sequence-
based computational tools, structure-based computational
tools, molecular dynamics simulations, and data-driven
machine learning tools.

2.1.3.1. Sequence-Based Methods. Sequence-based com-
putational tools typically predict the effects of mutations by
performing multiple sequence alignment of homologues of the
query protein sequence. The advantage of sequence-based
methods is that amino acid sequence is all the input required
by the model. They are also relatively computational
inexpensive. A few popular methods are introduced below,
while additional selected methods are listed in Table 3.

The most widely requested task is prediction of the effect of
an amino acid substitution on protein function. Sorting
intolerant from tolerant (SIFT), a tool developed by Henikoff
and co-workers, can accomplish such a task and requires only a
protein sequence as an input. Through aligning the sequences
from the protein family, SIFT assesses whether the substitution
of an amino acid residue is deleterious or not by evaluating if
the position is conserved evolutionarily. SIFT can predict if a
substitution has the potential to alter the phenotype based on
the sequence similarity between the query sequence and its
homologues in the database.””' Aiming to develop a
comprehensive and curated database of protein families and

functions, Thomas and co-workers developed protein analysis
through evolutionary relationships (PANTHER), which is
capable of relating protein sequence to function. PANTHER
consists of two parts: library and index. The PANTHER library
represents protein families and subfamilies as a multiple
sequence alignment, a hidden Markov model, and a family tree.
The PANTHER index is an abbreviated ontology. PANTHER
was used to predict protein function on a database scale.'*”
Another widely used method named PROVEAN (Protein
Variation Effect Analyzer) can predict functional change not
only from single amino acid substitutions but also other
sequence variations including multiple substitutions and in-
frame insertions and deletions.">”

Notably, the major advantages of sequence-based tools are
the easy-to-access input and low-cost computational power.
Most of the tools have web-based servers with user-friendly
interfaces. These methods are customizable by users and can
generate results relatively fast.">*

2.1.3.2. Structure-Based Methods. Structure-based compu-
tational tools are especially useful when identifying hot spots
for protein engineering. These methods require the 3D
structure of the query protein as input. Many of the
structure-based tools make predictions by analyzing intera-
tomic contacts, surface features, substrate interactions, and
many other physical properties.

Liang and co-workers developed a computed atlas of surface
topography of proteins (CASTp), an online software, that can
locate and measure pockets and voids in 3D protein
structures.'>> CASTp uses sequence alignment methods to
obtain sequence mapping between annotated residues in Swiss-
Prot, OMIM and the structures in PDB. The web server can be
used to study surface features, functional regions, and the
function of key residues. CastP provides a detailed analysis of

https://doi.org/10.1021/acs.chemrev.1c00260
Chem. Rev. 2021, 121, 12384—12444


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

Table 4. Representative Examples of Machine Learning-Assisted Protein Engineering Studies

application data embedding method ML model ref
Thermostability 2,087 single point mutations pH, temperature, residue, and spatial environment information =~ SVM 186
encoded
3,366 single and multisite mutations Structural feature vector embedding SVM 657
2,156 single point, 180 double, and 141 Structural feature vector embedding Random Forest 183
multiple point mutation
ProTherm data set Structural feature vector embedding Multiple 184
1,925 data set, SKEMPI data set and ProNIT  Graph-based atom distance patterns Gaussian Processes 192
data set
242 P450 mutation data set Structural residue—residue contact map Gaussian Processes 169
ProTherm data set Conformation of residue, spatial distance between two amino Neural Network 199
acids, and solvent accessibility
ProTherm data set Residue interaction networks Neural Network 658
Solubility 58,689 soluble and 70,954 insoluble protein  Feature representations learned by a deep learning model Convolutional Neural 200
sequences Network
Enantioselectivity 145 variants Residue—residue interactions SVM 659
Membrane localization 218 variatns One-hot and structural feature vectors Gaussian process 173
Binding affinity PDBBind data set Distance matrix and neighbor list Neural Network 660
IEDB data set Word embedding Recurrent Neural 661
Network
Substrate for enzymatic BRENDA database K-mer vector representations Gaussian process 193
reactions
Secondary structure 6,128 proteins Orthogonal encoding and sequence profiles Recurrent Neural 662
Network
6,128 proteins One-hot Generative stochastic 663
network

Y

Mutagenesis

Parent - A it

Top variant

Sequence-function mapping

Machine learning guided directed evolution

Screening

Classic directed evolution approach

Figure 7. Workflow comparison between classic directed evolution approach and machine learning guided directed evolution approach.

the pockets of the protein and is thus most useful for studies
involving binding pockets. Strand and co-workers developed a
software named CAVER 3.0 that can identify and characterize
the transport tunnels and channels in macromolecular
structures. Taking protein structural information as an input,
CAVER 3.0 analyzes the tunnels and channels in large
ensembles of protein conformations and can facilitate the
study of molecular transport, recognition, and enzyme
catalysis."*® Similar to sequence-based tools, some structure-
based tools incorporate additional structure information to
analyze the mutational effects of amino acid sequences.
HotSpot Wizard, initialized by Damborsky and co-workers, is
a web server for identifying hot spots for protein engineering.
The server integrates multiple computational tools and

12395

provides users with the predicted hot spots as well as
functionally important residues."’

2.1.3.3. Molecular Dynamics. The key idea of a molecular
dynamics (MD) simulation is simple: the simulation calculates
the interactions between individual atoms within a biomo-
lecular system over time. Thus, the simulation can be used to
predict the position of each atom at any given time by
iteratively updating the future position and velocity based on
current information. MD simulation is a powerful technique
because the simulation environment is highly controlled and
the simulation can capture the position and velocity
information for each atom in the system which cannot be
experimentally obtained.'*® The libraries generated by “semi-
rational” approaches can produce higher hit rates compared
with full coverage libraries.">” Such approaches are beneficial

https://doi.org/10.1021/acs.chemrev.1c00260
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for identifying hot spots as well as reducing library sizes. MD
simulation-assisted directed evolution methods have been used
to engineer proteins with improved catalytic activity,"**™"%*
enantioselectivity,**™' stability,'*® specificity,'”” and ther-
mostability.'*®

2.1.3.4. Machine Learning. The screening of a large variant
library is often a key bottleneck in directed evolution. Even
after multiple iterations of a high-throughput selection or
screening method, only a minimal subset of the full sequence
landscape can be explored.'*”™"”" With the rapid development
of data science, machine learning has been increasingly applied
to protein engineering. Its main aim is to build an accurate
sequence-to-function landscape from measured data and guide
experiments to explore the landscape more efficiently. Some
selected examples are shown in Table 4. Different from an
experimental approach, a machine learning-assisted directed
evolution workflow aims to build a sequence-to-function
mapping based on quantified data from screening the variant
pool. An optimization algorithm is followed by landscape
construction and locates the top performing variants in the
landscape, as shown in Figure 7. The top performing variants
will then be used for further iterations of learning and
screening. To establish this workflow, three key steps are
needed, including (1) representing protein sequences as
vectors, (2) building a sequence-function model, and (3)
exploring the model and locating optimum variants.

Before building a sequence-to-function mapping landscape,
protein sequences need to be first encoded into vectors.
Different data representations have varying levels of integration
of the information hidden in the protein sequence and lead to
varied learning performance.'”” One of the most intuitive ways
to encode a protein is one-hot encoding, wherein a protein of
length L is encoded into a matrix with shape L by the number
of amino acids. The element i,j in the matrix is one if the
corresponding ith position of the sequence is the jth amino
acid, and zero otherwise. The density of information stored in
one-hot encoding is relatively low. However, one-hot encoding
can often be used as a baseline method.'"”> With the rapid
advances in natural language processing (NLP) in the
computer science field, highly efficient NLP methods can be
employed for the protein embedding task. For example,
language models are trained based on valid protein sequences
and predict the most probable amino acids given the previous
amino acid sequence.'’®'”> Because unlabeled protein
sequence data is readily available, unsupervised models are
often used to train a representation model. Such methods
vectorize a string of sequence into a fixed length continuous
vector. Doc2Vec, for example, converts various lengths of
sequences into fixed length vectors so that the similarity of the
sequences is directly reflected by the distance between the
vectors.”® Long short-term memory neural network (LSTM)
is a robust NLP method and has accomplished numerous
tasks.'”” A protein-embedding method named UniRep (unified
representation) takes advantage of LSTM and extracts the
hidden states as the unified representation of a protein. Such
embedding methods are able to distill a wide variety of
information such as secondary structure and stability from
sequence information alone.'”” Recently, the most successful
and widely used model for NLP is the transformer model.'”®
For protein embedding, the transformer model was proven to
outperform many previous state-of-the-art models for certain
tasks, such as stability prediction.'”* Employing an unsuper-
vised learning scheme, more sophisticated models can find

patterns from a large amount of sequence data and distill the
information in the form of a fixed length vector. Such methods
usually have rather high informational density but require
tuning according to homology information to further increase
the accuracy of the target protein.

The second major step is to choose a suitable machine
learning model to capture the sequence-to-function landscape.
Different machine learning algorithms can be implemented
depending on various factors such as number of data points
available, computational resources, and desired accuracy.'”!
One of the simplest machine learning models is a linear model,
which a(?plies a linear transformation to the input data
set."’”'®" Linear models have a small number of parameters
and can be used when the number of available data sets is
limited, in which case, complex machine learning models with
more parameters can lead to overfitting. Combined with a
good protein embedding method, linear models can make
accurate predictions about function.'®' A slightly more
complicated model is a decision tree model, which uses a
tree structure to map an input to a classification by going
through multiple queries which are represented by the
branches. Random forests is a common algorithm which is
an ensemble of weak prediction models that, together, form an
accurate prediction model.'®* Decision tree models, such as
random forests, have been used to accurately predict enzyme
stability.'*»'** The Kernel method is a pattern analysis
algorithm that avoids explicitly mapping input to typically a
higher dimensional feature space but takes advantage of kernel,
which captures the similarity between two input data points
and maps the raw input to the feature space implicitly.'®
Support vector machine (SVM) is one of the best-known
kernel methods and has been applied to predict protein
stability and enantioselectivity."*°~"*" Gaussian process is a
probability-based predictor, which uses a kernel method to
predict an unobserved data point from training data.'”® Unlike
the other algorithms mentioned above, Gaussian process does
not predict the value of the unobserved data but captures
uncertainty by Gaussian distribution. Gaussian process has
been used to predict protein stability'®”'*"'** and activ-
ity."”>'** On the complicated side, neural networks map an
input layer to an output layer by training the parameters in the
hidden layers embedded between the input and output layers.
Neural networks can be accurate because of their high
complexity but can potentially cause overfitting when there is
not enough training data. Neural networks are used in
numerous protein engineering tasks including prediction of
property,' "7 stability,'””*” and structure.””’ Generative
model is a newly evolved method for biosystem design
applications. Under the scheme of unsupervised learning,
generative models learn the distribution of the training data set
and generate data points from the distribution with some
variation.”*> EVmutation, for example, captures the covariation
between all residue pairs and predicts new variation by
quantifying the change of one or more residues.””> Deep-
Sequence maps protein sequence to a latent space which
captures higher order dependencies between residues and then
recovers new variants from the latent space.””* The training of
generative models often requires a large amount of
homologous sequences to achieve a high accuracy but little
to no mutagenesis data due to its unsupervised nature.

The last major step of machine learning guided directed
evolution is to locate the optimum based on a well-trained
machine learning landscape which reflects the sequence-to-
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Figure 8. Throughput-scale spectrum of the potential size of variants per experiment for different analysis methods.

function mapping. One way to explore the landscape is using
Bayesian optimization, which guides the choice of unobserved
data point exploration to maximize the exploration efli-
ciency.”” Such methods have been used to navigate protein
fitness landscapes for stability engineering.'® Markov Chain
Monte Carlo simulations have also been used to simulate
directed evolution in silico to fast forward the discovery of
optima as demonstrated by the engineering of TEM-1 S
lactamase and green florescent protein.'®' Recently, a predictor
algorithm was designed to robustly locate top performing
positive variants from an enormous variant landscape using a
generative model.””

In summary, a wide variety of machine learning algorithms
have been used for directed evolution purposes. However,
there is no single algorithm that suits all protein engineering
applications across the board.””” One of the major factors in
choosing an algorithm is the number of available training data
points. If plenty of data is available, a complex model such as a
neural network may yield the highest accuracy. If the data are
limited and susceptible to overfitting, a simple model such as
the linear or kernel method may give the best result. The
desired accuracy is also an important factor, in such case, using
a simple model as a baseline and evaluating its accuracy before
moving into more complicated models is worthy.

2.2, Selection and Screening

Rapid advances in library creation technologies such as
mutagenesis, recombination, and advanced computational
tools have made it possible to generate large gene libraries
processing more than a billion variants in a short period of
time. As mentioned before, one key challenge in directed
evolution is to build a general platform for identifying desired
phenotypes efficiently and analyzing target products in a high-
throughput manner. Currently, library analysis can be
categorized into either selection-based or screening-based
methods. For selection, the protein function needs to be linked
to the growth or survival of the host organism. The
nonfunctional variants will be automatically eliminated during
the selection process. This method can evaluate a large library
containing more than 10° variants and only proteins with the

desired properties will be distinguished (Figure 8). For
screening, each library variant is assayed individually by using
biochemical or biophysical analytical methods to evaluate the
desired property. This method is versatile and flexible because
the experimental conditions can be easily tailored to meet a
specific industrial setting, such as a non-natural environment or
substrates, and the analytical tools are generally applicable for a
range of enzymatic transformations. However, the throughput
of the most screening-based techniques is in the range of 10* to
10° variants per experiment, which is low and still a major
limitation (Figure 8). In sections 2.2.1 and 2.2.2, we provide a
detailed overview of selection and high-throughput screening
methods for diverse applications, including enzyme/protein
engineering, pathway engineering, and genome engineering.
General principles, significance, novelty, and specific examples
are summarized for each method.

2.2.1. Selection-Based Methods. By imposing certain
selective pressures on the protein libraries, selection-based
methods can directly eliminate undesired variants and
subsequently allow positive candidates to be subjected to
subsequent rounds of directed evolution. This feature enables
selection-based methods to assess a larger library than
screening-based methods. Currently, a variety of high-
throughput selection methods have been developed for
selecting proteins with different binding affinities and catalytic
activities, peptides that can bind target molecules and regulate
their functions, and RNA molecules that bind specific ligands.
In general, selection methods can be divided into four major
groups: display-based selection, compartmentalization, biopan-
ning with phage-displayed peptides, and systematic evolution
of ligands by exponential enrichment (SELEX) (Table ).

2.2.1.1. Display-Based Selection. Display methods connect
a protein to the DNA encoding it. Such powerful tools have
found widespread applications in selecting binding complexes
with higher affinities against various target molecules in the
directed evolution of protein-based binders.””® The way to
display proteins on the surface of an organism depends on the
physical linkage between the DNA molecule and the protein it
encodes. If there is a direct linkage, it is plasmid display,
ribosome display, mRNA display, or SNAP display (Figure
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Figure 9. Schematic overview of six display-based selection methods. (A) Plasmid display. The gene encoding the enzyme of interest is
transformed. After binding, the encoded enzyme is expressed. The remaining genes can go through another round of selection.””* (B) Ribosome/
mRNA display. The gene is transcribed and translated in vitro. The transcribed mRNA and expressed enzyme are associated with the ribosome to
form a complex. The selected gene is recovered by real-time PCR.>**7**® (C) SNAP display. The gene is expressed in an emulsion droplet. The
encoded enzymes are covalently bound to DNA through a thioester bond and form a complex for extraction and selection.”*” (D) Phage display.
The gene is transformed into a phage particle. After expression, the encoded enzyme is displayed on the phage surface followed by selection.” (E)
Retrovirus display. The plasmid libraries are integrated into mammalian cells with only selected plasmids transfected into virus.*'* (F) Cell surface
display. Enzymes are displayed on the cell surface and bind to fluorescent molecules. After cells pass through a sorting machine, candidates are

. . 217
separated into various populations.

9A—C). Otherwise, it is phage display, retrovirus display, or
cell surface display (Figure 9D—F). For direct display methods,
the upper limit of throughput mainly depends on the amount
of DNA produced in each experiment; for indirect display
methods, the throughput depends on the transformation
efficiency of the host cells.

As the first display method, phage display has been well
studied over the years. To enable the enrichment of desired
variants, multiple rounds of iterative selection to infect bacteria
by phage is necessary. Phage display has been successfully
utilized for altering substrate specificity, increasing the binding
affinity of a protein, and engineering enzymes with improved
stability and activity.””*">"> However, because each phage
display system requires specific knowledge of a particular
protein of interest, there is no generic solution available for
improving multiple properties of different targets simulta-
neously. In addition, expression of some enzymes in eukaryotes
often requires proper folding and post-translational modifica-
tions (PTMs), but phages lack such mechanisms. To
circumvent these limitations, retrovirus display was developed
and has been applied to infect mammalian cells for protein
expression.”'* For instance, Merten and co-workers showed a
more than 1,300-fold enrichment of active wild-type tissue
plasminogen activator during a single selection cycle by using
retrovirus display.215 In addition, displaying proteins on the
surface of cells has been widely developed for binding assays to
engineer receptors such as antibodies and T-cells with high
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affinity.”*® This method can be applied to enzymes with PTMs
as well. Many different scaffold proteins have been used in the
cell surface display for enzyme engineering. Since enzymes
with encoded DNA can be expressed and displayed directly on
the outer surface of the cell, they can be distinguished and
separated easily via a cell sorting/counting-based instru-
ment.”'® Therefore, display technologies are often coupled
with fluorescence-activated cell sorting (FACS) for high-
throughput screening.”'’~>** For example, by fusing the target
to the C-terminus of the Aga2 cell surface agglutinin protein,
yeast display allows exposure to fluorescently labeled substrates
in the media, which enables this disglay to be coupled with
FACS for high-throughput screening.”'*>*%***

For plasmid display, a DNA-binding protein is noncovalently
fused to the encoded protein. The fusion protein is then
expressed in the cell and binds to its encoding plasmid. After
the cells are lysed, the protein—plasmid complex can be
selected according to different recognition DNA sequences.
Yoo and co-workers demonstrated the ability to discover
functional proteins from large libraries via plasmid display. The
GAL4 DNA binding domain was constructed to enrich the
molecular diversity for in vitro selection of target proteins from
a protein mixture.””* Ribosome display links the protein of
interest to the corresponding genetic codes by creating a
complex of mRNA, ribosome, and translated protein. Multiple
pools of sequences enriched for the desired binding affinity can
be obtained after exposing the complex to the protein’s binding
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Figure 10. Schematic overview of in vivo compartmentalization. (A) Genetic/growth complementation. A library of variant plasmids is transformed
into host cells. The gene encoding the enzyme of interest binds a precursor molecule and converts it into a compound that is essential to cell
survival, while the other nonactive genes are not able to generate this essential compound. After plating the cells onto selection plates that lack the
compound essential to cell survival, only cells with active enzymes survive and are selected for the next round of mutagenesis.”**** (B) Chemical/
reporter complementation. The gene encoding the enzyme of interest binds a precursor molecule and converts it into a transcription factor (TF)
activator, which binds to the TF of the corresponding gene. The TF dissociates, and the reporter gene is expressed, while the other nonactive genes
and enzymes are not able to generate this transcription activator. After plating the cells onto plates with specific antibiotics, only cells with active

enzymes survive and form colonies. The active genes are recovered, amplified, and subjected to the next round of mutagenesis.
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partner and washing away nonbinding complexes.”** Similarly,
mRNA display produces proteins that are covalently bonded to
their encoding mRNA by in vitro transcription and then linking
with the peptidyl acceptor antibiotic puromycin.”**"*** Since
there are no transformation steps involved during library
creation, the speed of selection for mRNA and ribosome
display can be quick. Besides, the size of the library can reach
up to ~10" variants per experiment for these in vitro selection
methods. Another display technology called SNAP display
allows each phenotype to be covalently bonded with its
encoding genotype through the SNAP-tag. The complex is
then encapsulated in water-in-oil emulsion droplets where in
vitro DNA transcription and translation take place.””” For
SNAP display, the physical linkage of genotype and phenotype
is a covalent bond, which allows selection to occur under harsh
conditions such as high pH or temperature. The library size of
this type of display is up to 10° variants per 1 mL of
emulsion.”” In one study, an improved SNAP display system
was constructed after three rounds of selection to achieve a
10"-fold enrichment of a Her2 binder over nonbinding
proteins.”*” Built on SNAP display, SNAP dendrimers display
enables multiple copies of a protein of interest to be mounted
on a single DNA scaffold encoding these proteins. It takes
advantage of avidity effects during affinity panning and is a
useful tool for in vitro directed evolution of protein binders.”*’
Hollfelder and co-workers showed that multivalent SNAP
dendrimers can enhance the enrichment of candidate binders
by up to S-fold higher and recovery by up to 25-fold higher
when compared to the normal SNAP monomer display
method.”*’
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2.2.1.2. Compartmentalization. In compartmentalization,
the movement of proteins and genes is arbitrary yet restricted
in a three-dimensional containment area. Compartmentaliza-
tion can be divided into in vivo compartmentalization and in
vitro compartmentalization according to the nature of the
single compartment used in a specific protein-gene interaction.
Phage particles, bacteria, yeasts, and even mammalian cells are
categorized as cell-like in vivo biological compartments. Water-
in-oil emulsion droplets and water-in-oil-in-water double
emulsion droplets belong to man-made in vitro compartmen-
talization. They can encapsulate only DNA and the essential
transcriptional-translational machinery to encode the protein
of interest.

For in vivo compartmentalization, various chemical, genetic,
and growth complementations have been implemented to the
cell-like compartments acting as the specific selection
conditions. With DNA libraries introduced as a ligation
mixture or plasmids, the cell itself provides a segregated
compartment and acts as an expression host. Moreover, thanks
to the optimization of transformation techniques for plasmids
or ligation mixtures, such as electroporation and chemical
transformation, single DNA variants can be introduced into
each cell with a maximal efficiency of ~10' clones per ug
DNA. Cellular assays are also highly suited for selection when
the property of interest is linked to a type of complementation
that can show differences/changes among DNA variants
phenotypically. For example, yeast auxotrophic strains can be
used to separate variants with disrupted essential metabolic
functions from normal strains by monitoring cell growth rates.
Antibiotics like ampicillin, kanamycin, or penicillin have also
been supplemented to bacteria or mammalian cells in rounds
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Figure 11. (A) Biopanning workflow. A gene library is inserted into a region of the bacteriophage genome. The peptide product is displayed on the
surface of a virion which can bind the desired target to form a complex. Peptide-target binding affinity is utilized as a selection criterion: phages with
weak affinity are washed away from the displayed surface and phages with strong affinity are kept. Next, bound phages are eluted and enriched

through infection and amplification in bacterial cells. After several rounds of selection panning, the best candidates are collected and sequenced.
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(B) Systematic evolution of ligands by exponential enrichment (SELEX). SELEX begins with binding between the DNA or RNA library and the
target molecules. Next, strongly bound candidates are kept and unbound oligos are removed by extensive washing of the complexes. The target
bound oligos are eluted and amplified by PCR for DNA or real-time PCR for RNA. The selected oligos with high binding affinities to the target

molecules are sequenced and enriched for the next round of evolution.
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of directed evolution to improve the resistance and survival
rate of certain proteins under harsh environmental conditions.

For in vivo genetic and growth complementation, the activity
being investigated is intrinsically linked to the fitness of the
host microbe because only the cells containing the desired
enzyme variants with specific genetic modifications can grow
under the selective pressure (Figure 10A). For example,
overexpression libraries were constructed inside genetically
modified E. coli K-12 strains that were unable to utilize glucose
as a carbon source. Proteins with latent glucokinase activity
were selected after rounds of growth.””’ Other enzyme
properties such as enantioselectivity can also be efficiently
distinguished via growth complementation. A dual selection
system was developed to select for a lipase with desired
enantioselectivity in one study.”’” After three rounds of
selection with increasing phosphonate ester concentration, a
variant with an improved enantioselectivity toward the S-
enantiomer was selected.

In vivo chemical complementation is a more general
approach than in vivo genetic and growth complementation
since phenotypical changes do not have to happen directly on
the specific gene or enzyme being studied. In chemical
complementation, one can modify the substrate of the targeted
reaction and link the outcome with an unrelated reporter
system (Figure 10B). For instance, a variant transcriptional
activator was used to bind various benzoic acids to detect the
activity of benzaldehyde dehydrogenase.”*® The well-studied
reporters, e.g., f-galactosidase or amino acid—based selection
markers, have also been used as phenotypic readouts due to
color changes or growth rate differences of cells across
variants.”***** Theoretically, in vivo selection is able to assess a
large number of variants rapidly because only cells harboring
variants with functional improvements can grow into colonies.
However, due to the complex genetic regulation networks of

microorganisms and the lack of related enzyme information,
this approach has met limited success.

Overall, cell-like in vivo compartmentalization has been used
to increase expression levels of soluble proteins,**®**’
resistance to antibiotics,”*" or the ability to metabolize certain
carbon sources.”*”*** With the development of two-hybrid
systems in protein engineering, in vivo compartmentalization
has been applied for the selection of protein—DNA, protein—
RNA, and protein—-small molecule interactions with improved
catalytic activities.”*'~**” However, false-positive rates can be
high due to the generation of background mutations in host
cells. Furthermore, in vivo compartmentalization cannot be
used to identify the desired phenotype under extreme
temperatures or pH conditions. In such cases, additional
selection/screening-based techniques such as visually identifi-
able fluorescence-based markers or colorimetry may become
necessary to implement and support the phenotypical
characterization.

On the other hand, man-made in vitro compartmentalization
links genotype and phenotype by coupling transcription and
translation within a water-in-oil or water-in-oil-in-water
emulsion system.248 Genes with associated proteins, substrates,
and products are all contained within 2 ym diameter aqueous
droplets for the selection of various catalytic properties in
parallel.”*® As genes are transcribed and translated in vitro,
cloning procedures can be avoided to expedite the selection,
and the size of library is only limited by the amount of DNA
used rather than the transformation efficiency. Moreover, most
in vitro compartmentalization strategies have been coupled to
FACS for analyzing very complicated enzyme properties. For
example, the activity of homocysteine thiolactonase or f-
galactosidase can be detected by FACS because a fluorescent
signal is %enerated in the substrate or product of
interest.” "~
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2.2.1.3. Biopanning with Phage-Displayed Peptides.
Phage display is one of the most popular methods for studying
protein—protein, protein—peptide, and protein—DNA inter-
actions. Very large libraries of variants on a scale of ~10'* per
experiment can be expressed in E. coli and then displayed on
active phages by inserting the target protein into one of the
coat proteins of filamentous bacteriophage (pVIII for high
copy display, pIII for low copy display).”'"*'* Random phage-
displayed peptide libraries provide a physical linkage between
the displayed peptide and the encoded DNA, which enables
one to quickly identify peptides that can bind target molecules
and regulate their functions after phenotypic selection. Use of
affinity selection to identify peptides binding to individual
targets is termed biopanning. There are four major steps
involved in biopanning for peptide selection (Figure 11A). The
first step is to create a phage display library with foreign genes
of interest inserted into a region of the bacteriophage genome.
The peptide product will then be displayed on the surface of a
virion. Second, the constructed phage library is bound to the
desired target to form a phage-displayed peptide library
complex. The next step is to wash away the unbound phages
with weak affinity from the displayed surface. Only bound
phages with strong affinity are kept. Lastly, bound phages are
eluted using high concentrations of acids and salts or variations
of pH. Binders can subsequently be enriched through infection
and amplification in bacterial host cells.”*” Multiple rounds of
biopanning are recommended so that peptides with strong
binding affinity to the target can be obtained.

In summary, peptides that bind to specific target molecules
can be readily isolated by implementing iterative rounds of the
biopanning with the phage-displayed peptide libraries. In the
past two decades, this phage-display technology platform has
been used for different applications such as B-cell and T-cell
epitope nlaz[>ping,253_255 selection of disease-specific antigen
mimics,”**>*” selection of organ-specific peptides,”*~>%*
selection of cell-specific peptides®™~>°° and ligands,”"~>%
and selection of peptides bound to nonprotein targets.””’

2.2.1.4. SELEX. SELEX is an in vitro selection method that
aims to evolve nucleic acid ligands, also known as aptamers, for
new functionalities.””"*”> When an oligonucleotide, such as
RNA or ssDNA, binds to its target with high selectivity and
sensitivity, a specific and complex three-dimensional shaped
aptamer is formed. Due to the flexibility of their structures,
aptamers can be generated to bind a wide variety of targets
ranging from inorganic and small organic molecules, peptides,
proteins, to complex mixtures and even whole cells. Aptamers
have been widely used for basic pharmaceutical research, drug
discovery, and investigation of binding phenomena in
proteomics. SELEX has been modified over the years to help
with selection of aptamers with high affinities efficiently and
quickly. A large library of ~10"° different oligonucleotides can
be selected in parallel through SELEX. Ligands with the
highest target binding affinities will be easil}; amplified and
filtered out to facilitate the in vitro selection.””

The basic steps of in wvitro selection of target-specific
aptamers using SELEX are summarized in Figure 11B. First, a
synthetic random ssDNA or RNA oligonucleotide library with
a size of 10'°—10" different sequence motifs is created.
Second, binding between the DNA or RNA library and the
target molecules occurs, which can separate strongly bound,
weakly bound, and unbound oligonucleotides. Unbound
oligonucleotides are removed by extensive washing of the
complexes. Third, the target bound oligonucleotides are eluted

and amplified by PCR for DNA or reverse transcription (RT)-
PCR for RNA. Selected oligos with high binding affinities for
the target molecules are enriched in a pool for the next round
of selection. Similar to directed evolution, SELEX mimics
Darwinian evolution where repetitive cycles of in vitro selection
and enzymatic amplification can drive the process toward a
motif with the highest affinity and specificity for the target.””*
The number of rounds of SELEX depends on multiple
parameters, such as target molecule features, selection
environment, or partitioning efficiency. In general, six to 20
SELEX rounds are needed to obtain aptamers with high affinity
and specificity.””> Finally, the last SELEX cycle occurs when
the desired motifs are achieved. In this last round, the enriched
pool of the best aptamers will be cloned after the amplification
step. The individual aptamers can be sequenced for further
characterization or subjected to different post-SELEX mod-
ifications and binding studies.

SELEX is a powerful and easy-to-use tool with many
applications. It enables efficient selection of evolved aptamers
which bind a variety of target molecules in a specific and high
affinity manner. Evolved aptamers have been used in
therapeutic applications, especially as therapeutic agents that
can compete with antibodies. For example, the first aptamer-
based therapeutic agent named pegaptanib (Macugen) was
used to treat age-related macular de%eneration by targeting
vascular endothelial growth factor.””*~*"

2.2.2. Screening-Based Methods. In comparison to
selection, screening-based methods evaluate each individual
variant. Since the coverage of candidates is high, this strategy
greatly reduces the chance of missing a desired variant.
However, the scale of analysis and throughput become a trade-
off. Typically, variants in a library (with a size of ~10° per
experiment) can be screened and analyzed individually with
high accuracy. Several of the most frequently used screening
methods will be described below (Table 5).

2.2.2.1. FACS-Based Screening. Based upon the specific
light scattering and fluorescence characteristics of each sample,
FACS can sort a mixture of biological cells individually into
two or more containers (Figure 12). It can provide efficient
and specific recording of fluorescent signals from each cell as
well as separate cells of interest during flow cytometry. Over
the years, FACS has become a frequently used tool for sorting
individual cells of interest.”’®*”® In addition, it has been
coupled with many other screening/selection approaches for
analyzing different enzymes at a rate of up to 10° cells per
second in a quantitative manner,”'?7%?%0

The FACS process involves several steps: (1) The sample
containing a population of cells is injected in the middle of a
fluid sheath. This sheath is achieved by having a tube with the
inner walls built up of a moving stream of fluid. Once the cells
are injected into the middle of this sheath, a stable two-layer
flowing fluid will form since the two liquids will not mix due to
their difference in viscosity. (2) The cells are then hydro-
dynamically focused inside the funnel as a straight line. (3)
The cells pass through a laser beam that measures the forward
scatter channel (FSC) for information on the cell size and side
scatter channel (SSC) for information on the fluorescence and
type of cell. (4) The cells pass through a nozzle that vibrates
and results in cell droplets with positive or negative charge.
The positively charged cells are attracted to the negative side of
the electromagnet, while the negatively charged cells are
attracted to the positive side of the electromagnet. (5) A
charged droplet containing the cell of interest is directed by an
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Figure 12. Schematic overview of the fluorescence activated cell
sorting (FACS) process. FSC: forward scatter channel. SSC: side
scatter channel.

electromagnetic field into the corresponding collection tube
(sorted cells or waste). In many studies, green fluorescent
protein (GFP) is an ideal reporter for cell fluorescence
analysis.”*"*** Riboswitches or ribozymes have also been used,
which are turned on upon binding a specific small molecule.
Michener and Smolke introduced a synthetic riboswitch
coupled with FACS to aid in the directed evolution of a
caffeine demethylase.”*

2.2.2.2. Microtiter Plate-Based Screening. Microtiter plates
containing 96 to 9,600 wells have been combined with
colorimetric or fluorometric assays to screen for various
enzyme properties. In a microtiter plate assay, the protein with
its encoding DNA is compartmentalized in a single well; hence,
enzymes with different activity profiles are easily distinguished
and unable to diffuse or mix with other DNA—protein
pairs.”**>%® The substrates and products can be easily
identified by macroscopic observation or measuring UV/vis

absorbance or fluorescence through a plate reader (Figure
13).% Recently, a microbioreactor system named Biolector
has been used to detect protease and cellulase activities.”*"*"
Biolector enables online monitoring of the light scattering
intensity and reduced nicotinamide adenine dinucleotide
(NADH) fluorescence signals by adding light excitation and
emission filters to the microtiter plate on a specially designed
continuous shaking device. The scattered light signal difference
between hydrolysis of an insoluble protein substrate and
NADH-coupled enzyme indicates the protease and cellulase
activity levels.”***® Microtiter plates have also been used as an
alternative to shake flasks for growing variants before
screening.”®’ However, without the help of an automated
colony picker and liquid handler, the throughput of the
microtiter plate-based method is relatively low with a screening
library size of ~10* per experiment.

2.2.2.3. Mass Spectrometry (MS)-Based Screening. Recent
advances in high-throughput MS resulted in highly sensitive
and accurate methods for analyzing complex analytes, which
have been especially useful for protein engineering applica-
tions.”**~*"* By utilizing native substrates and ligands, MS is
capable of performing label-free high-throughput assays for
characterizing complex mixtures of engineered proteins.
However, no individual MS technique provides the ability to
screen all proteins in a sample with enough information to
characterize all possible modifications. Therefore, it is
important to choose the appropriate MS-based approaches.

In a typical MS-based screening method, assay creation,
sample preparation, MS measurement, and data analysis are
necessary steps. Each step can be performed in a variety of
formats, which depends on the nature of the target protein,
information to be obtained, throughput, and instruments. First,
assays can be set up either in solution or on surfaces (Figure
14a—c). For solution-based assays, the previously discussed
microtiter plates are commonly used. For surface-based assays,
microarrays are widely used, where matrix solutions can be
applied to a solid support before screening.””” Second, sample
preparation is critical to limit the number of molecules
competing for ionization and thus reduce the background from
irrelevant materials. Various strategies can be employed to
separate target analytes from complex mixtures. Currently, gas
chromatography (GC), liquid chromatography (LC), and
capillary electrophoresis (CE) are the commonly used
separation techniques (Figure 14d—g). In most cases, sample
preparation remains time- and labor-consuming and hence

Desired mutants

00000000

Figure 13. Digital imaging- and microtiter plate-based screening. (a) Digital imaging. A library of variant plasmids is transformed into host cells and

plated. Advanced imaging device is applied to individual clones for screening.

107312 (b) Microtiter plates. A library of variant plasmids is

transformed and plated. Enzyme variants are expressed inside the cells. The cells are lysed, and the lysates are transferred into a microtiter plate for

enzymatic assay. The enzyme activity can be visualized by macroscopic observation or plate reader.

284-286

https://doi.org/10.1021/acs.chemrev.1c00260
Chem. Rev. 2021, 121, 12384—12444


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig13&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

i Analyte ion

j L
\ Matrix ion x
Cc . \ :@ —\"xc Primary 4~ R . m

(] %9 e @® ion beam

Target analytes k

ocxcoc
0 °% oxe
00 %0y ©
®oo%e

Secondary ion

Intensity

m/z

Figure 14. High-throughput mass spectrometry (MS)-based screening.”**>*” (a) Solution assays in microtiter plates. (b) Segmented flow of
microfluidic droplets. (c) Assays on microarray surfaces. (d) Solid-phase extraction for separating target analytes from complex mixtures. (e)
Chromatographic separation column. (f) Capillary electrophoresis-based sample separation. (g) Direct sample infusion into a mass analyzer. (h—j)
Ion sources. (k—m) Ion analyzers. (h) Electrospray-based ionization. Target analytes are transferred inside a spray needle containing microfluidic
droplets. At high voltage, these analytes are ionized into single charged droplets and moved into MS inlet for mass analysis. (i) MALDI-based
ionization. After the high voltage laser beam shoots onto the surface of sample containing target analytes and matrices, analytes are ionized, and the
charged analyte-matrix complex forms. (j) Secondary ion mass spectrometry (SIMS)-based ionization. After the primary ion beam shoots onto the
surface of sample containing target analytes, matrices, and primary ions, analytes are ionized, and the charged secondary ions forms. (k) MALDI-
ToF mass analyzer. (1) Triple quadrupole-based mass analyzer. (m) Orbitrap mass analyzer. (n) Data analysis. The analyte ions are separated based
on mass-to-charge (m/z) ratios in the mass analyzer, and then quantified by the ion detector.

becomes the rate-limiting step in MS-based assays. Third, to
initiate an MS measurement, samples need to be introduced
into the ion source of a mass spectrometer. Gas-phase ions are
then generated from neutral molecules in the ion source,
separated based on mass-to-charge (m/z) ratios in the mass
analyzer, and quantified by the ion detector (Figure 14h—m).
Next, relative ion abundance is plotted versus m/z values to
generate a mass spectrum, which contains either qualitative or
quantitative information for the measured analytes (Figure
14n). Mass spectrometers are usually categorized based on ion
sources and mass analyzers. For example, electron impact ion
sources are often used on GC. Desorption/ionization
processes are frequently coupled with matrix-assisted laser
desorption/ionization (MALDI).””* The mass analyzer
determines the detection limit, mass resolution, and
quantitation capability of an MS-based platform. The time-
of-flight (ToF) mass analyzer has been widely used due to its
relatively low cost, large m/z detection window, label-free
feature, and fast scan rates. Detection limits on the zeptomole
to attomole range are achieved with ToF MS while
maintaining a mass resolution above 20,000 dots per
inch,292:295,296

As an example of high-throughput MS-based screening for
directed evolution, Zhao and co-workers developed an
optically guided MALDI-ToF MS to engineer multistep
enzymatic reactions through high-throughput, direct screening
of microbial colonies.””"*”” This method was used to
characterize the substrate tolerance of a five-enzyme pathway

synthesizing the antibiotic plantazolicin from a ribosomal
precursor peptide and to screen for rhamnolipid congener
compositions produced by a two-enzyme pathway after
directed evolution. Improved MS acquisition efficiency and
information-rich insights were obtained by this technique on
large populations of colonies at a rate of 1-2.5 s per
colony. 2427

Overall, MS-based assays have been mostly used for
screening compound libraries against a select protein target,
primarily aiming at ligand and inhibitor discovery for
biomedical applications. However, since evaluation of individ-
ual variants is normally required in MS-based screening for
directed evolution, and sample preparation takes time,
increasing the throughput of MS-based methods still faces a
lot of hurdles.

2.2.2.4. Droplet Microfluidics. Droplet-based microfluidics
has emerged as an attractive platform for high-throughput
screening that requires very small volumes of analytes.
Miniaturized protein assays in femto- to nanoliter-scale plugs
or droplets can be generated in capillary or microfluidic
channels.””®**”  Consequently, operations such as reagent
addition, dilution, splitting, and sorting are performed through
microfluidic manipulations. By encapsulating individual
variants inside microfluidic droplets to perform enzymatic
reactions, the throughput can reach up to 10° samples per
hour.'® Next, for rapidly displaying the readouts, these plugs or
droplet reactors are coupled to different types of analytical
detection techniques including MS platforms such as electro-
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Figure 15. Droplet microfluidics.””* " Following the arrows: (1, 2) DNA-carrying plasmids are created and transformed into host cells; (3) the
cells are cultured, and the target enzymes are produced after cell lysis; (4) enzymatic assays are dispensed into microtiter plates; (S—7) oil-
segmented droplets are generated and directly infused into mass spectrometry source for analysis.

spray ionization (ESI)**”*°" or MALDI;*** optical detection
methods such as FACS,** absorbance,>®* or Raman,*®
electrical detection;*>*° and nuclear magnetic resonance
(NMR) spectroscopy.

The general workflow for droplet microfluidics involves
several steps: (1) DNA templates of selected enzymes are
created on plasmids; (2) the DNA-carrying plasmids are
transformed into host cells such as E. coli for amplification; (3)
the cells are cultured, and the target enzymes are produced;
(4) the cells are lysed to release the enzymes and the
enzymatic assays are dispensed into multiple microtiter plates;
(5) sample droplets are generated inside Teflon tubes in
parallel from the enzymatic assay plates; and (6) these droplets
are segmented by perfluorodecalin in a tube and pumped
through microfluidic channels. Enzyme and quencher are
added sequentially via microfluidic manipulation. Reaction
mixtures can be detected via optical techniques in general, but
this requires a color or fluorescence change of the reaction
being studied. Alternatively, sample mixtures can be infused
into a metal-coated, fused silica ESI or CE emitter for MS
analysis: (7) best performing candidates from data analysis can
then proceed with another round of directed evolution (Figure
15). Such droplet microfluidics settings have been applied in a
variety of disciplines ranging from ligand/inhibitor screening to
protein engineering.lgg’308 In addition, droplet microfluidics
also enables the discovery and engineering of rare targets due
to the feature of high screening capacity. Hollfelder and co-
workers identified new hydrolases with promiscuous activities
after screening a million-membered metagenomic library in
microfluidic picoliter droplet compartments.**”

Currently, analytical detection techniques that use fluo-
rescence or absorbance signals as the readout are still the
method of choice for droplet-based high-throughput assays.*””
Moreover, the enzyme assays developed for the droplet sorter
are limited to substrates with fluorophores or chromophores.
Consequently, such droplet technique can hardly be applied
industrially when aiming to improve enzyme selectivity.
However, the continuous development and evolution of
other advanced detection approaches such as MS and NMR
platforms will tremendously help the wide adoption of droplet-
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based high-throughput assays in chemical and biological
laboratories.

2.2.2.5. Digital Imaging. Digital imaging combines single-
pixel imaging spectroscopy with a solid-phase screening
method to screen enzyme variants with high efficiency (Figure
13). Since this technology relies on simple, widely known
colorimetric activity assays, it can be applied to a broad range
of targets and allows screening of problematic substrates in
solid phase or highly viscous solutions that are normally hard

to characterize by traditional high-throughput screening
methods.*' "'

2.3. Continuous Evolution

Continuous evolution aims to enable gene diversification,
expression, and screening or selection to occur iteratively
without human intervention. It can shorten the experimental
time and increase the total number of rounds of evolution, thus
largely enhancing evolution effectiveness in an evolutionary
search.'”*"? Continuous evolution can be performed either in
vitro or in vivo. In vitro continuous evolution has been mainly
used to evolve RNA ligase ribozymes.”'* It requires the
ribozyme to ligate a chimeric DNA-RNA substrate that has the
sequence of the promoter element for a DNA-dependent RNA
polymerase.”'**'> After reverse transcription, cDNAs derived
from an active ribozyme containing a functional promoter
element will be generated. Multiple copies of RNA per copy of
DNA template can be obtained after repeated cycles with
reverse transcriptase and RNA polymerase.’'**"> Population
size, sequence diversity, and selection pressure can all be
controlled. The rapid pace of continuous in vitro evolution
makes it powerful and allows one to perform tens to hundreds
of generations per day.”'**'* In addition, since the workflow of
this method is easy to handle, only minimal human
intervention is required. However, it has limitations because
several criteria must be met for ribozyme-catalyzed reactions to
occur. For example, a particular oligonucleotide must attach to
the 5’ end of the ribozyme to enable reverse transcription.
Besides, reaction conditions, such as pH and temperature, need
to be compatible with the reverse transcriptase and RNA
polymerase.”"> The various applications of continuous in vitro
evolution can be found in section 3.1.1.
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Several in vivo mutagenesis methods mentioned in section
2.1.2 can be used continuously to evolve a target protein whose
product can be associated with the cell growth under certain
selection pressure, such as mutator plasmid-based methods,*'®
T7 RNAP-based methods,”>”® EvolvR,"** retroelement based
methods,"*'*” and inducible SCRaMbLE.""” The primary
challenge of this strategy is the co-occurrence of adaptive
evolution that can create “cheaters” whose target proteins do
not contribute to the improved phenotype. If the protein of
interest cannot be correlated to cell growth, in vivo muta-
genesis methods are generally used to generate a neutral drift
library, followed by screening/selection. Except for the above-
mentioned in vivo mutagenesis methods, several breakthroughs
in continuous evolution have been made during the last 10
years.

Phage-assisted continuous evolution (PACE) is one of the
most successful continuous in vivo evolution methods. It can
execute more than 30 rounds of protein evolution over 24 h
without human intervention, which can hardly be achieved by
other existing directed evolution methods. Instead of linking
the activity of target proteins to host cell growth, which can
easily result in background mutations from adaptive evolution,
PACE links the target protein’s activity to the production of
infectious progeny phage.”’” To achieve this goal, the essential
gene III, encoding protein III for F pilus binding and host cell
entry, is deleted from the phage vector and inserted into an
accessory plasmid (AP) expressed in the E. coli host cells. An
arabinose-inducible mutator plasmid (MP) encoding dnaQ926,
recA730, umuD’, and umuC is installed in E. coli to increase the
error rate during DNA replication by suppressing the
proofreadin§ and enhancing error-prone lesion bypass,
respectively.”'®*'” The evolutionary procedure is set up in a
chemotactic lagoon where the E. coli host cells continuously
flow through and are infected with selection plasmid (SP)
encoding a library of variants (Figure 16). Since the
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Figure 16. Schematic of phage-assisted continuous evolution
(PACE).>"” (Adapted with permission from ref 317. Copyright
2011 Springer Nature. Original Figure 1 was adapted in this figure.)

concentration of E. coli host cells and progeny are constant,
only SP encoding variants that induce a higher level of pIII
production will infect more E. coli cells and persist in the
lagoon, while nonfunctional or low activity SP variants do not.
Since the E. coli cells only stay in the lagoon for about 0.3 h
and are nonproliferating, the neutral drift variants do not

accumulate in the E. coli cells. To make the PACE method
more flexible, a stringency modulation module is applied to
adjust the selection pressure using tetracycline, which enables
evolving proteins to obtain drastically changed proper-
ties.>*>**! In addition, a negative selection module, in which
a negative variant of gene III is controlled by a theophylline-
activated riboswitch, is available for evolving proteins with
highly specific new activity.**’

PACE can theoretically evolve any proteins that can be
linked to the production of plll, e.g, DNA-, RNA-, and
peptide-binding proteins, proteases, and aminoacyl-tRNA
synthetases. The design for directed evolution is straightfor-
ward in PACE. For example, AP with pIII expressed under the
specific promoter can be used to improve RNAP activity and
specificity.”' 7**>*** Other DNA binding enzymes, such as Cas
proteins and transcription activator-like effector nucleases
(TALENS), can be fused to the @ subunit of bacterial RNA
polymerase IIL°** The binding of this fusion protein to user-
defined sequences upstream of a minimal lac promoter can
induce transcription of the downstream plll, enabling the
enzyme to evolve with enhanced specificity.”***** Protein—
protein interactions can also be evolved by modifying a
bacterial two-hybrid system correspondingly. For example,
fusing the protein of interest (e.g., Bacillus thuringienesis toxins
and antibodies) with the @ subunit of RNAP III and its target
protein to HA4 monobody that can bind to the SH2 domain of
ABL1 kinase at the upstream of pIlII gene links the interactions
between the protein of interest and the target protein with
progeny proliferation rate.*>***” Protein interaction between
smaller units such as biosensors can be evolved using a split T7
RNAP component where two units of a biosensor are
conjugated with two split domains of RNAP. The activated
sensor will bring two RNAP domains together for plIII
transcription.””’ Additionally, PACE can also evolve the
reactivity and specificity of enzymes such as proteases and
aminoacyl-tRNA synthetases (AARS).”**7**° The protease
substrate can work as a cleavable substrate linker connecting
T7 RNAP and its inhibitor T7 lysozyme. Gene III can only be
expressed when the protease cuts the linker, which restores the
active form of T7 RNAP.>****” Two strategies can be used to
select active AARS out of the variants pool. The amber stop
codon can be either introduced in T7 RNAP at permissive sites
or in gene IIL.”*° Only AARS-catalyzed aminoacylation of an
amber suppressor tRNA enables the transcription of full-length
RNAP or gene IIIL

A PACE-like method has also been established in human
cells.”” A custom-designed adenovirus variant without
essential adenoviral DNA polymerase (AdPol) and protease
(AdProt) but containing the gene encoding the protein of
interest serves as the “cargo” to accumulate the functional
variants. An error-prone AdPol together with AdProt are
constitutively expressed in human cells. AdPol enables gene
diversification during virus replication; and AdProt is expressed
depending on the activity of protein. Only viruses with
functional variants can propagate and accumulate in the cell
culture during serial dilution. The evolution stringency can also
be adjusted by using a small-molecule adenoviral protease
inhibitor. Although this method is not wholly continuous since
manual culture transfer is required, it is a useful platform to
evolve proteins in human cells. It can work in different cell
types, mutate large genes (up to 7 kbps), and potentially evolve
multiple proteins simultaneously.
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Although PACE has been successful in evolving several
proteins, specific genetic circuits or elements need to be
designed for the different proteins of interest. PACE cannot be
used to evolve a protein whose activity cannot be linked to the
expression of a reporter protein, and it also cannot be used to
evolve multiple enzymes or a biochemical pathway simulta-
neously. More sophisticated automated cultivation systems
need to be designed to continuously evolve cells by using the
in vivo mutagenesis methods discussed in section 2.1.2. For
example, a MAGE automation device has been set up to
combinatorially evolve up to 50 different genomes simulta-
nously.'” One MAGE cycle consists of seven different
experimental steps including growing cells at 30 °C; inducing
replacement of the /3 protein expression oligo at 42 °C; chilling
the cells to 4 °C, followed by a cell wash for competent cell
preparation; adding and delivering oligos by electroporation;
and recovering the cells in media. The completed cycle can be
executed by a temperature-controlled growth chamber with
real-time cell density monitors; a syringe pump system for
buffer exchange, cell transferring and concentration; and real-
time generation of competent cells for electroporation with
synthetic DNA. This system does not include a selection/
screening unit; iterative cycles are run to generate a large
library with enough cell diversity for phenotype screening.
However, it is possible to integrate specific selection units for
cell growth-related phenotypic screening.

Continuous in vivo evolution based on cell growth is also
challenging since traditional culturing methods either lack
precise control or are hard to perform in a high-throughput
manner.”*””*** Therefore, precise tuning of selection pressure
is essential to guide the populations evolving through the
desired paths efficiently,**®*>%33*

instant feedback of mutation fitness under the current selection

Ideally, the continuous

pressure will automatically adjust the selection condition.
Without precise control and adjustment, the beneficial
mutations are easily “washed out” of the system if the selection
stringency is outpaced by the adaption rate. Thus, trial-and-
error experiments are needed to identify suitable selection
conditions.”® Additionally, parallel evolution experiments with
different selection strategies are also beneficial to navigate the
evolutionary landscape fully. Although some automated cell
growth systems can control cell growth precisely under
adjustable conditions, they are hard to perform parallelly.
eVOLVER is a new continuous culturing system that allows
users to continuously grow and monitor hundreds of individual
cultures in parallel under user-defined growth parameters.’*
This system consists of three main components: (1) a
customizable “smart sleeve” housing and interfacing with
individual culture vessels allows the cell growing under defined
conditions, such as cell density, temperature, and light
intensity; (2) a millifluidic module controls the movement of
liquids while preventing the formation of biofilms; and (3) a
modular hardware infrastructure controls the functionality of
the whole system. The real-time, feedback-controlled tuning of
selection parameters makes this system a powerful automation
platform that can be potentially coupled with in vivo
mutagenesis methods to evolve proteins of interest effi-

ciently.>”’

3. APPLICATIONS

3.1. Nucleic Acids

In this section, we focus on the applications of directed
evolution for engineering functional nucleic acids.”****” In
particular, RNA is ideal for directed evolution because it
combines genotype and phenotype in a single molecule.”*
The discovery of novel catalytic RNA enzymes (ribozymes)
inside large populations of random sequences has initiated
many potential applications in gene therapy or the detection of
small molecules.’'¥**°73*> On the other hand, a variety of
DNA enzymes can catalyze the cleavage of RNA, and hence
inactivate target RNAs in cells or whole organisms. Such RNA-
cleaving DNA enzymes have many applications in biology and
medicine.”"> Below we give an overview of selected examples
including RNA ligase ribozymes, RNA-cleaving DNA enzymes,
aptamers, and riboswitches.

3.1.1. RNA Ligase Ribozymes. The first ribozyme-based
RNA ligase experiment was conducted by Joyce and co-
workers to achieve approximately 300 successive rounds of
catalysis and selective amplification in 52 h via a simple serial
transfer procedure.’’* As a result, substantial improvement of
the catalytic efficiency and amplification rate of the RNAs was
achieved during the evolution process. After rounds of
mutagenesis, ribozymes with a 1.5 min doubling time and
high copy number were isolated from the pool.’'* By
examining the sequence and kinetic properties of the improved
ribozymes, the group further investigated the ability to evolve a
ribozyme’s biochemical properties in response to the behavior
of another macromolecule, such as a DNA enzyme.’*
Consequently, more applications of ribozymes with enhanced
robustness have appeared. In another study, RNA ligase
ribozymes that could operate under extreme pH conditions
were obtained after continuous in vitro evolution.”** Iterative
rounds of selective amplification under gradually more acidic
or more alkaline conditions were applied to the ribozymes. The
two final evolved populations of ribozymes were able to
operate at either pH 5.8 or pH 9.8, respectively.”** At these
two extreme conditions, the low-pH ribozyme exhibited a 10-
fold increase in catalytic rate compared to the parent ribozyme;
the high-pH ribozyme retained its structural integrity and
activity, whereas the parent ribozyme was denatured and had
no detectable activity.”** These findings showed the utility of
continuous in vitro evolution for exploring enzymatic function
under stringent environmental conditions.”** Continuous in
vitro evolution has also been used to address the classic
question of recurrence in evolutionary biology.**® When a
living system repeatedly evolves from a given starting point and
converges to the same end point multiple times, it is termed
recurrence.’*® Using continuous in vitro evolution, parameters
that could affect recurrence were deduced after comparing
many replicate experimental evolutionary lineages with
populations of catalytic RNA. For instance, a 150-nucleotide
ligase ribozyme was used in one study to predict the likelihood
of recurrence happening.**® Repetitive jumps from one peak in
a rugged adaptive landscape to another local optimum were
observed on mutations within multiple replicates of actual
evolution experiments.**®

3.1.2. RNA-Cleaving DNA Enzymes. The cleavage of an
RNA phosphodiester bond is a relatively facile reaction, which
makes it easier to be used than RNA ligation for discovering
new reactivities during evolution. Additionally, in comparison
to RNA ligation, fewer nucleotides are needed to specify a
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motif that catalyzes RNA cleavage, thus enabling RNA-cleaving
DNA enzymes to be obtained from a small starting population
of variants by in vitro selection.’’>**” DNA enzymes with
relatively high catalytic efficiency, high substrate sequence
specificity, and promiscuity toward substrates are critical to
boost the catalytic activity of RNA-cleaving reactions, and they
have been used in a variety of applications in biochemical and
pharmaceutical fields.*'>**

Using in vitro selection, the first metal-dependent DNA
enzyme was identified in 1994.%*° First, a starting population of
10'* DNAs with each molecule containing a SO random
nucleotide sequence flanked by primer binding sites was
constructed. After five successive rounds of selective
amplification, individuals that best promote the Pb**-depend-
ent cleavage of a target ribonucleoside 3’-phosphodiester bond
embedded within an otherwise all-DNA substrate were
generated with a rate constant of 0.2 min~'3*® As a result, a
simplified version of the catalytic domain that operates in an
intermolecular context with a turnover number of 1 min~" was
constructed based on the 20 individuals isolated from the final
selected population. This activity is about 10°-fold higher
compared to that of the uncatalyzed reaction.’*® Similarly, the
approach used to obtain the Pb**-dependent DNA enzyme was
used to obtain a Mg*"-dependent DNA enzyme as well.**
Substantial catalytic rate enhancements for difficult chemical
reactions were achieved. In another practical application,
catalytically active DNA enzymes have been used as a unique
class of biosensors for Pb** with a quantifiable detection range
from 10 nM to 4 uM and a selectivity of >80-fold over
uncatalyzed reaction.””” In a follow-up study, a colorimetric
assay was developed for Pb** biosensors using DNA enzyme-
directed assembly of gold nanoparticles.””" A simple blue-to-
red color change could be visualized directly after the
aggregates were disrupted by DNA-catalyzed cleavage. This
colorimetric-based biosensor has a detection level ranging from
100 nM to over 200 M and can be applied to analytes that are
subject to in vitro selection, thus signiﬁcantly expanding the
scope of nanomaterial applications.”" The concept of RNA-
cleaving DNA enzymes has also been implemented in whole
animals. In one study, a DNA enzyme was directed to target
the vascular endothelial growth factor receptor 2 mRNA,
which mediates angiogenesis associated with tumor growth
and metastasis.””> The enzyme was injected into mice that had
been implanted with human breast carcinoma cells. After 4
injections, a nearly 75% reduction in tumor size in the DNA
enzyme-treated mice was achieved compared with that of the
untreated controls.”>”

3.1.3. Aptamers and Riboswitches. Aptamers are short
single-stranded nucleic acids that bind to target molecules with
high specificity and affinity.””’> The increasing number of
aptamers is accompanied by an expanding range of applications
such as conditional gene regulation, visualizing RNA and
protein distribution, biosensors, and therapeutic agents.*>’
Here, we will take the application of gene regulation as an
example to describe how to evolve aptamers and riboswitches
for improved properties and function.

Aptamers and their natural counterparts, riboswitches, have
been widely used as gene expression regulators.”>”*** A
regulatory system based on a direct small molecule-RNA
interaction with the inducer tetracycline was developed for
tetracycline-dependent control of translation in S. cerevisiae.”>
The SELEX-selected tetracycline binding aptamers were
inserted into the 5’-UTR of a GFP encoding mRNA, resulting

in the most efficient (~6-fold) GFP repression near the start
codon in the presence of tetracycline. Increasing the
thermodynamic stability of the aptamer improved regulation
but reduced expression of GFP, while decreasing the stability
led to the opposite effect. Sequence variations also influenced
the regulation properties of the aptamer; for example, the
nucleotide at position 62 affected expression in the absence of
tetracycline, the one at position 75 affected regulation in the
presence of tetracycline, and the nucleotide at position 21
affected both. Such RNA aptamer-tetracycline ligand-based
regulatory systems can be useful tools for conditionally
controlling gene expression.

To expand the limited set of existing riboswitches, a
riboswitch discovery platform, coupling dual genetic selection
and FACS, was developed to create riboswitches that recognize
theoretically any ligand of interest.”>® Specifically, the aptamer
domain of the ThiM#2 riboswitch was replaced by random 40
nucleotide sequences to construct a library which was then
introduced into E. coli for multiple rounds of dual selection to
find riboswitches responsive to theophylline. As a result,
theophylline-responsive riboswitches were identified after only
three rounds of selection, and the best riboswitch (Hit 3—5)
displayed a 2.3-fold activation of downstream gene expression
in the presence of theophylline. Additional random muta-
genesis generated improved riboswitches displaying nearly 3-
fold activation. Recently, based on growth coupled screening
by combining both positive and negative selection, another in
vivo riboswitch evolution method was established to change
the threshold, sensitivity, and dynamic range of ribos-
witches.”” Using this method, an N-acetylneuraminic acid
(NeuAc) riboswitch was successfully evolved to exhibit a
higher threshold and a larger dynamic range. The evolved
NeuAc riboswitch was then applied to optimize ribosome
binding sites and key genes in the NeuAc biosynthetic
pathway, resulting in the highest NeuAc production ever
reported (14.32 g/L).

Many other aptamers and riboswitches have also been
evolved for various ligands for specific applications. Repre-
sentative examples include guanine recognizing ribos-
witches,**" the thiamine pyrophosphate (TPP) riboswitch,**’
a paromomycin-binding synthetic riboswitch,”* fluorophore-
binding RNA aptamers,”*' *** and a pH-responsive ribos-
witch, 304365

3.2. Enzymes

3.2.1. Directed Evolution of Naturally Occurring
Enzymes for Chemical Synthesis. Directed evolution has
been extensively used to engineer enzymes for improving their
catalytic activities and fine-tuning their chemo-, stereo-, and
enantioselectivities.”***™**® By using directed evolution,
numerous enzymes have been engineered for the production
of biofuels, materials, fine chemicals, and active pharmaceutical
intermediates in various industries.”*”~*"* Early applications of
directed evolution were focused on improving enzyme
tolerance to organic solvents, which is necessary to improve
substrate solubility for large scale manufacturing.””**"* In one
seminal study, by combining several rounds of random
mutagenesis and recombination, Arnold and co-workers
created p-nitrobenzyl esterase variants with up to 60-fold
increase in total activity for hydrolysis of p-nitrobenzyl esters in
solvents with 30% dimethylformamide.””* Thermostability is
another important property for enzyme engineering. However,
it is not unusual that improving thermal stability compromises
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enzymatic activity at lower temperatures. By carefully
controlling the evolutionary path, a thermostable esterase
variant was created without the cost of its catalytic activity at
lower temperature.”> One impressive achievement is the
development of an @-transaminase for sitagliptin phosphate
manufacturing. Choosing a natural transaminase catalyzing R-
specific transamination of methyl ketones and small cyclic
ketones as a starting point, scientists from Merck and Codexis
used computational modeling and an in vitro coevolution®®®
approach to generate a transaminase variant with weak activity
that prositagliptin ketone. Multiple rounds of random
mutagenesis and screening led to variants with about 25,000-
fold improvement in catalytic activity and can produce
sitagliptin with >99.95% ee at 200 g/L scale, which
outcompetes a rhodium-catalyzed process (Figure 17).*”°

In addition to improving the stability, selectivity, and
catalytic activity of enzymes, directed evolution has been
widely used to engineer enzymes with new reactivity by taking
advantage of enzymatic promiscuity. The number of reactions
catalyzed by enzymes is far less than that catalyzed by chemical
catalysts, which has limited the broad application of enzymes
in the chemical industries. Enzyme promiscuity is the ability of
an enzyme to catalyze, in addition to its primary reaction, side
reactions with different substrates or through different
mechanisms. The promiscuous catalytic activities are generally
slow compared with the main activity, but they are vital to
evolve new enzymes under natural or artificial selection.'
Enzymes can have promiscuity for reactions that do not exist in
nature. Mechanism-guided directed evolution is a powerful
strategy to generate new enzymes by exploring protein
sequence space and accumulating mutations that enhance the
side reaction under certain circumstances.'® For example, wild-
type halohydrin dehalogenase (HHDH) -catalyzes the
dehalogenation of various aliphatic and aromatic vicinal halo
alcohols.””® A mechanistic study of HHDH revealed that the
active site can accommodate an epoxide and other small
negatively charged ions such as an azide instead of a halide.
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The catalytic tyrosine residue can work as a catalytic acid for
epoxide protonation when the reactions are performed under
acidic conditions. The changes of substrate and reaction
condition can trigger the reverse reaction, epoxide-ring
opening.””” In 2007, scientists at Codexis performed directed
evolution of the HHDH from Agrobacterium radiobacter,
resulting in variants used for large-scale synthesis of ethyl
(R)-4-cyano-3-hydroxybutyrate, a building block of atorvasta-
tin, with >99.9% ee at a substrate loading of 130 g/L. The
improvement in productivity was approximately 4,000-fold
(Scheme 1).'%°

Scheme 1. Application of Halohydrin Dehalogenase HHDH
in the Synthesis of Atorvastatin
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Directed evolution is a powerful tool to uncover metal-
loenzymes’ promiscuous activity to catalyze those reactions
that were only catalyzed by transition metal catalysts before.
Transition-metal catalyzed C=C and C—H functionalizations
by carbenoid transfer are widely used to synthesize natural
products and pharmaceutical intermediates.”’**”" Inspired by
the well-established capacity of metalloporphyrin complexes
for cyclopropanation reactions, Arnold and co-workers
engineered P450g); variants that can catalyze highly diastereo-
and enantioselective cyclopropanation and N—H insertion by
carbene transfer (Scheme 2).°*°7**" More recently, cyto-
chrome ¢ from Rhodothermus marinus was identified with
catalytic promiscuity for Si—H insertion of phenyldimethylsi-
lane with very low total turnover number (TTN) but good
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Scheme 2. Carbene Transfer Reaction Catalyzed by Evolved
Hemoproteins
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enantioselectivity. Directed evolution focusing on the active
site residues resulted in a triple variant with 15-fold improved
TTN for the synthesis of carbon—silicon bonds in a broad
range of substrates with up to 99% ee.”®> Other residues at the
same sites catalyzed boron—silicon bond formation through
carbenoid B—H insertion. Various organoborons have been

prepared on a gram-scale (up to 15,000 TTN) with excellent
ee using whole-cell catalysts containing different Rma cyt ¢
variants.”*>**” Those studies have expanded the scope of
boron and silicon chemistry in living systems since enzymatic
reactions for Si—C and B—C bond formation have not been
identified in biology so far (Scheme 2).**” Except for P450s,
the evolved oxygen-transport protein myoglobin can also
catalyze selective carbene transfers such as cyclopropana-
tion,*®® N—H insertion,>®® S—H insertion,°®® benzofuran
cyclopropanation,”’ and intramolecular cyclopropanation to
construct cyclopropyl-6-lactones (Scheme 2).*"

Directed evolution can expand the ability of enzymes to
construct C—C bonds, which is challenging but essential for
improving their applications in chemistry and synthetic
biology. sp® alkylation is normally catalyzed by expensive
transition-metal catalysts.””>~*** Iron-catalyzed reactions re-
quire very high temperature, accounting for the high activation
energy barrier for carbene insertion into a C—H bond.””
Impressively, evolved P411 (P4S0 with the axial cysteine
replaced by serine) variants can catalyze abiological sp® C—H
functionalization on substrates containing benzylic, allylic, or
a-amino acid with high turnover number and excellent
selectivity at room temperature (Scheme 2). This study
demonstrated that the protein framework can confer the
activity to an unreactive cofactor.*”® Engineered P411 variants
were used to catalyze C—H functionalization for enantiodi-
vergent C(sp’)—H fluoroalkylation to access organofluorine
compounds that are currently not accessible with small-
molecule catalysts.””” C(sp?)—functionalization of unprotected
indoles was also achieved by both engineered Mb and P411
variants (Scheme 2).%7%%%

Furthermore, directed evolution can be used to create
enzymes with higher catalytic activities than the transition

Scheme 3. Nitrene Transfer Reactions Catalyzed by Evolved Hemoproteins
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metal catalysts for the same reactions. In addition to carbene
transfer reactions, transition-metal-catalyzed nitrene transfer is
another crucial strategy to synthesize C—N bonds in many
bioactive synthetic and natural compounds. Iron-containing
enzymes were also engineered to catalyze nitrene transfer
reactions, such as regioselective intramolecular C—H amina-
tion on sulfonylazide compounds,**~** sulfimidation of
sulfides,*”* sigmatropic rearrangement for enantioenriched
allylic amines synthesis,"”* and enantioselective olefin aziridi-
nation (Scheme 3).*° Interestingly, the evolution for
sulfimidation yielded P411 variants that also catalyzed
intermolecular C—H amination of alkanes.””® Further site-
saturation mutagenesis around the active site resulted in
P411 ¢y, with up to 1,300 TON for enantioselective C(sp®)—H
amination (up 99.9% ee), exceeding any chiral transition metal
catalyst reported so far.*’° The synthetic power of P411
variants was further expanded recently by catalyzing chemo-
and enantioselective primary C(sp’)—H amination with
hydroxylamine esters as nitrogen sources for a broad range
of substrates at a preparative scale, which has never been
discovered in biological systems.*"”

Directed evolution can also be used to engineer enzymes to
catalyze abiotic reactions that are challenging for chemical
catalysts. For example, ring strained structures such as
cyclopropenes and bicyclobutane are particularly attractive
intermediates in chemical and materials synthesis. However,
their synthesis is demandin§, requiring expensive chiral
transition metal catalysts.****” Asymmetric bicyclobutanes
with multiple chiral centers are a good example.”’ E. coli
harboring engineered P411 variants can be used to prepare a
broad range of cyclopropenes with different functional groups
with good enantioselectivity. Both enantiomers can be
obtained by using variants from different evolutionary
trajectories. Remarkably, variants were also identified that
catalyze successive carbene addition to unsaturated carbon—
carbon bonds to form a wide range of bicyclobutanes on a
preparative scale (Scheme 2).*'"*'* In another example, using
E. coli harboring truncated P411p,,; variants as the whole-cell
catalysts, Arnold and co-workers reported chemoselective
asymmetric amination of primary, secondary, and tertiary
C(sp’)—H bonds. The enzymes enable the enantioconvergent
transformation of racemic tertiary C(sp*)—H bond to generate
tetrasubstituted stereocenters that are also inaccessible with
small molecule catalysts (Scheme 3).*"?

Overall, engineered hemoproteins have achieved several
important chemical transformations widely used in synthetic
chemistry but cannot be found in nature, thereby increasing
enzymes potential for industrial applications. Several engi-
neered hemoproteins have been demonstrated to synthesize
high-value compounds in a preparative scale (Scheme 4). First,
a highly active His-ligated variant of P450g,;-Hstar was used
to synthesize the core of levomilnacipran in one step at high
isolated yield and ee.'* Additionally, the core structures of
cyclopropane-containing drugs such as Tranylcypromine,
Tasimelteon, Ticagrelor, and a TRPV1 inhibitor were also
prepared on a gram-scale with excellent diastereo- and
enantioselectivity by using E. coli harboring myoglobin
variants.””"*’> P411 variants catalyzing sp® functionalization
were used to prepare a chiral precursor of the valuable natural
product lyngbic acid and both enantiomers of cusparieine.*”°

3.2.2. Directed Evolution of Artificial Enzymes for
Chemical Synthesis. 3.2.2.1. De Novo Artificial Enzymes.
Advances in computational chemistry and biology have
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Scheme 4. Prepscale Synthesis of High Value Compounds
by Engineered Hemoproteins
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enabled the de novo design of enzymes that catalyze abiotic
reactions.*'”> The “inside-out” approach, by which the active
site designed for a target reaction is incorporated into a stable
protein scaffold, has been successfully demonstrated to
produce catalytically active and selective proteins.”'® The

resultant de novo enzymes are stable, but their kinetic
performance generally falls short of that of the natural
equivalents. Subsequent structure- and mechanism-guided
site-directed mutagenesis and random mutagenesis can
significantly improve the enzyme catalytic efficiency and
turnover number to approach the natural counterparts.*'”
For example, Kemp eliminases were designed to catalyze base-
promoted deprotonation of S-nitrobenzisoxazole, which serves
as a model reaction for understanding the deprotonation of
carbon—a process that has considerable kinetic and
thermodynamlc barriers but frequently occurs in a living
organism.”'® One of the variants from HG3, a structurally
stable de novo Kemp eliminase with a k,/K,, around 430 M~

s~! was randomly mutagenized to identify “hot spots”. Focused
mutagenesis on both the “hot spots” and the substrate-binding
sites led to a variant with k., = 700 s and k_,/K,, = 230,000
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M~ s7!, approaching the exceptional catalytic efficiency of

highly optimized natural enzymes such as triosephosphate

. 1
isomerase (Scheme 5).*"?

Scheme 5. Kemp Elimination
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Although computational simulation and modeling can
optimize the performance of de novo enzymes to a certain
extent, directed evolution is still needed since it provides
complementary solutions for enzyme optimization. A Diels—
Alderase was created by positioning a hydrogen bond acceptor
and donor in the apolar binding gocket of a rigid S-propeller
scaffold that is highly evolvable.”" Installation of a helix-turn-
helix lid element through computational refinement or using
directed evolution can both improve the Diels—Alderase’s
catalytic efficiency but in different ways."”*"*** A lid element
mainly increases the substrate’s binding affinity but keeps the
turnover number unchanged while directed evolution improves
both. Combining mutations from computational prediction
and directed evolution resulted in a variant with catalytic
efficiency between its precursors because of the compensation
effects of turnover and binding affinity. However, it served as a
new starting point for evolution, which resulted in a new
variant that was several times more efficient than both
precursors. This new variant turned out to be the most
proficient Diels—Alderase at that time, which can selectively
synthesize (3R,4S)-endo-cyclohexene from 4-carboxybenzyl-
trans-1,3-butadiene-1-carbamate and N,N-dimethylacrylamide
at a preparative scale (Scheme 6).*” Most recently, Hilvert

Scheme 6. Diels—Alder Reaction
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and co-workers evolved a de novo zinc-containing peptide into
a highly active catalyst for a biological hetero-Diels—Alder
reaction between azachalcone and 3-vinylindole with a catalytic
proficiency up to 2.9 X 10'® M~ that is much higher than the
artificial metalloenzyme created by using natural protein
scaffolds.””® This study showed that unlike natural proteins
that have been optimized by natural evolution for specific
functionality, de novo protein scaffolds with promiscuous
binding pockets for metal cofactors and substrates might be
more amenable to function diversification.

The general principles for directed evolution can also be
applied to de novo enzymes. For example, an increase in the
library size and throughput of mutagenesis results in a higher
possibility of finding optimum variants. Divergent evolution
can uncover de novo enzymes’ promiscuous activity that is not
from the design intention. Retro-aldolases are probably the
most mechanistically complex de novo enzymes developed so-
far. They catalyze the cleavage of 4-hydroxy-4-(6-methoxy-2-
naphthyl)-2-butanone to 6-methoxyl-2-naphthaldenyde and
acetone through a multistep pathway involving amine catalysis
and enzyme-bound Schiff base intermediates (Scheme 7).

Scheme 7. Reaction Catalyzed by Retro-Aldolase through
Schiff Base Intermediate
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One of the initial aldolases, such as RA95.0, catalyzes the
reaction with 15,000-fold rate acceleration over the back-
ground. However, its k./K,, is only 0.19 M~ s and k., is
only 0.1 X 107!, which are too low to make it a useful
catalyst. Several rounds of directed evolution using both
random and focused mutagenesis coupled with a microtiter
plate-based screening method boosted its activity by more than
4,400-fold, affordinzg catalytic efficiency approaching those of
natural enzymes.*”> Further evolution with a ultrahigh-
throughput droplet-based microfluidic screening platform led
to a new variant, RA95.5-8F, with an additional 30-fold
improvement in catalytic efficiency, rivaling the efliciency of
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Figure 18. Directed evolution strategy used to obtain Ir(Me)-mOCR-Myo variants capable of producing either enantiomer of the products of C—H
insertion reactions of varied substrates.”® (Reproduced with permission from ref 438. Copyright 2016, Springer Nature. Original Figure 4 was

reproduced in this figure.)

class I aldolases (Scheme 7).*2%*7 Notably, this new variant
can catalyze stereoselective C—C bond formation by reversible
aldol reaction over a broad substrate scope.”””*** Divergent
evolution of this de novo aldolase resulted in variants that could
catalyze promiscuous C—C bond formation reaction promoted
by organocatalysts such as Knoevenagel condensation,*”
Michael addition,”* and Henry condensation.”' These
promiscuous variants can serve as the starting point for further
evolution to improve enzyme activity and selectivity.******
3.2.2.2. Artificial Metalloenzymes. A wide variety of metal
complexes in organic and organometallic chemistry have been
used to catalyze reactions that natural enzymes cannot
perform. Unlike enzymes, these catalysts tend to have limited
enantio-, regio-, and chemoselectivity and require harsh
conditions. Creating artificial metalloenzymes (ArMs) by
either replacing the metalloenzymes’ native cofactors with

12413

the artificial ones or anchoring metal complexes in native
scaffolds is an effective strategy to expand the activities of
native enzymes and improve the selectivity of chemocatalysis
reactions.”” However, the activity and selectivity of ArMs
remain suboptimal and need to be further improved by
directed evolution. Using native proteins as scaffolds to design
ArMs is an effective strategy because the native proteins are
highly evolved and have relatively stable structures that are
amenable to physiological condition changes and further
directed evolution.

Approximately half of the characterized proteins contain a
metal cofactor as part of their catalytic function.*** A native
metalloenzyme can serve as a great scaffold for designing ArMs
using abiotic cofactors because it already has the binding site
for metal ions or metal complexes. Heme-containing proteins
are widely distributed in living organisms and have been
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engineered for diverse chemical transformations. Since the
number of chemical reactions catalyzed by free metal—
porphyrin complexes of Ru, Rh, and Ir are much greater
than that of the free Fe analogues, replacing Fe with Ru, Rh, or
Ir in hemoproteins can result in new chemistry.*>~*’
Artificial myoglobin was constructed by expressing apo-
myoglobin in E. coli under proper conditions, followed by
reconstitution with metal—porphyrin IX ([M]-PIX) cofactors
with M being Fe, Co, Cu, Mn, Rh, Ir, Ru, and Ag. Among
them, Ir(Me)-mOCR-Myo was identified as the most active in
functionalization of C—H bonds to form C—C bonds by
carbene insertion and cyclopropanation. Focused mutagenesis
was used to generate Ir(Me)-mOCR-Myo variants that
generate either enantiomer of C—H insertion products and
also catalyze enantio- and diastereoselective cyclopropanation
on f-substituted vinylarenes and unactivated aliphatic a-
olefins, which cannot be realized by any natural enzymes at
that time (Figure 18).**® A similar strategy was used to prepare
Ir(Me)-CYP119 and site-saturated mutagenesis was used to
engineer its substrate binding site. The resultant quadruple
variant Ir(Me)-CYP119-max (C317G, T213G, L69V, V254L)
can catalyze carbene insertion of C—H with a catalytic
efficiency comparable to that of CYP119 on native
substrates.”*” Additional directed evolution further expanded
the substrate scope of C—H functionalization catalyzed by
Ir(Me)-CYP119 variants over additional terminal and internal,
activated and inactivated, electron-rich and electron-deficient,
conjugated and nonconjugated alkenes and phthalan deriva-
tives with the high selectivity that is hard to achieve by small-
molecule catalysts.**>***

Not all metal ions or complexes can readily replace the
native cofactors of metalloenzymes. Covalently anchoring is an
alternative to link unfit metal complexes to any scaffold
protein, including those without native cofactors. The resulting
ArMs normally have very low or even no activity due to the
absence of the entrance point or defined binding site of the
substrates.”>*** SSM and random mutagenesis are therefore
essential tools to develop efficient ArMs from unreactive
proteins as ArM scaffolds. Dirhodium complexes can catalyze a
wide range of reactions including cyclopropanetrione and X-H
insertion (X = C, N, O, S, Si). However, the low selectivity
remains as a challenge for many reactions.*** To resolve this
issue, a dirhodium ArM was created by linking tetramethyl m-
benzenedipropionic acid ligands-based dirhodium cofactor to a
prolyl oligopeptidase scaffold (POP) with an L-4-azidopheny-
lalanine residue by strain-promoted azide—alkyne cyclo-
addition (SPAAC) reaction.”* Since POP was selected
based on its thermal stability and large hydrophobic pocket
rather than metal complex binding affinity, variant POP-ZA,
was first generated to open the entrance for cofactor and
substrates. SSM was used to modify the second coordination
sphere of the cofactor, improving its substrate specificity and
enantioselectivity of styrene cyclopropanation.**® Additionally,
a random mutagenesis platform was developed based on 96-
well plates for ArMs library preparation and screening.”*” From
a library of variants created by epPCR and combinatorial
codon mutagenesis, new variants were identified with
beneficial mutations far from the metal binding sites, which
further improved the enantioselectivity on olefin cyclo-
propanation. New variants catalyzing N—H, S—H, and Si—H
carbene insertion can also serve as starting points for further
directed evolution.

Biotin—avidin technology has been widely used to non-
covalently incorporate a metal catalyst within a protein of
interest through the strong interaction between biotin and
(strept)avidin (M-biotin-SAVs) (K, ~ 1 X 10" M™').*** The
binding affinity is not altered by using biotin with different
valeric acid side chains, which ensures the integrity of the
diverse organometallic complexes (Rh, Ru, Pd, Ir, Os, V) and
allows orthogonal generation to optimize ArMs via both SAV
evolution and organometallic ligand diversification.****>°
Relying on this strategy, multiple ArMs have been created
for hydrogenation,”" transfer hgrdrogenation,ﬁ'“_454 allylic
alkylation,”* dihydroxylation,”° sulfoxidation,*” alcohol
oxidation,”® Suzuki cross-coupling,459 C—H activation,*®
and olefin metathesis.****®" SSM was applied to S112, K121,
and/or L124 of (strept)avidin to create enantioselective
variants. For example, M-biotin-SAVs-catalyzed C—C bond
formation reactions are invaluable since there is no equivalent
in the natural enzymatic repertoire. Rh(III)-biotinylated SAV-
S112Y KI121E was found to be the best performer in the
selective coupling of benzamides and alkenes to dihydroiso-
quinolone, achieving a 100-fold faster rate than that of isolated
Rh complexes as well as enantiomeric ratios (er) up to 93:7
(Scheme 8).*°

Scheme 8. C—H Activation
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To facilitate the directed evolution of M-biotin-SAVs, a
streamlined protocol was established for parallel engineering of
dozens of transfer hydrogenation reactions or metathesis
reactions.*” After the protein library was expressed in E. coli in
96 deep well-plates, the cell lysates were treated with diamide,
a glutathione scavenger,*”* followed by adding metal cofactors
and subsequently performing the transfer hydrogenation
reactions. Using this platform, nine amino acid residues within
10 A of the iridium center in [Cp*Ir(biot-p-L)CI]CSAV
K121A were chosen for iterative saturation mutagenesis, which
resulted in variants for both S and R products in high yield.***
For metathesis, SAV was immobilized on Sepharose
iminobiotin beads under basic conditions and cell debris was
removed by centrifuge. The treatment of beads under acid
released SAVs and M-biotin-SAVs were constructed by adding
metal cofactors in the reaction buffer. This system is versatile
and could be adapted to evolve other M-biotin-SAVs.***
Notably, an in vivo directed evolution platform was established
recently, which greatly improved the throughput of M-biotin-
SAVs engineering (Figure 19).465 The SAV variants were
expressed in E. coli and secreted into the cell’s periplasm
through fusion to an N-terminal signal peptide from the outer
membrane protein A, thus eliminating inhibitor scavenging
effects. In vivo reconstruction of Ru(II)-biotin-SAV variants
was performed by incubating the cells with metal cofactors
followed by washing. Bio-orthogonal metathesis can be
performed using the whole cells directly. As more examples
of abiotic reactions catalyzed by M-biotin-SAVs have been
demonstrated in 111'1/0,466 in vivo directed evolution to create
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Figure 19. Streptavidin-based artificial metalloenzymes for in vivo
metathesis and directed evolution.**® (Adapted with permission from
ref 465. Copyright 2016, Springer Nature. Original Figure la was
adapted in this figure.)

new catalysts with new reactivity or improved activity might
become possible.

3.2.2.3. Enzymes with Noncanonical Amino Acids. The
structural and functional diversity of the 20 canonical (cAAs)
amino acids of enzymes is relatively small compared with
diverse chemical catalysts for organic synthesis. However, with
the maturing methods of reprogramming the genetic code to
incorporate noncanonical amino acids (ncAAs) into proteins,
more and more ncAAs have been used to improve the catalytic
activity and selectivity of enzymes.*”” Directed evolution has
also been adapted to an expanded genetic code for improving
catalytic efficiency of enzymes with ncAAs.****° For example,
Green and co-worker generated an artificial hydrolytic enzyme
that used Nj-methylhistidine as a ncAA nucleophile to catalyze
the hydrolysis of fluorescein, which cannot be achieved by
using artificial enzymes with canonical nucleophiles."”" Several
rounds of directed evolution were applied to improve its
hydrolysis efficiency by 9,000-fold higher than free Nj-
methylhistidine in solution and 2,800-fold higher than
common organocatalysts dimethylaminopyridine and N-
methylimidazole. Instead of evolving cAAs around ncAAs
catalytic center, Schultz and co-workers developed a general
strategy to randomly substitute any cAAs of f-lactamase with a
set of substituted aromatic ncAAs and identify a unique p-
acrylamido-phenylalanine mutant with improved catalytic
efficiency that cannot be reproduced by any of the 20 cAAs
at the same location. This study suggested that expanding the
building blocks of proteins may offer uni(}ue solutions to
organisms in the evolution of new functions."”"

3.2.2.4. Programmable Nucleases for Gene Editing.
Precise gene editing techniques play a key role in molecular
medicine and synthetic biology. The development of program-
mable nucleases such as zinc-finger nucleases (ZFNs),
TALENs, CRISPR, and the CRISPR-associated nuclease Cas
gave rise to the genome engineering field and brought gene
editing from conceptual studies to clinical trials.*’”* Both ZFNs
and TALENs are artificial nucleases, created by linking a
specific DNA-binding domain (DBD) to the nonspecific
bacterial endonuclease Fokl. Zinc fingers (ZFs) are DBDs
approximately 30 amino acids long and recognize three
nucleotides in the major groove of DNA.*"*"* Several
strategies have been develo;)ed to produce ZFs with tailor-
made DNA specificities.”’>*’® A highly efficient FokI cleava%e
domain was evolved with improved nuclease activity."'’
Transcription activator-like effectors (TALEs) are more

programmable DBDs than ZFs and consist of an N-terminal
domain followed by a series of 33—35 amino acid long tandem
repeats, a nuclear localization sequence, a transcription
activation domain, and a C-terminal domain.*”**”* Amino
acids at positions 12 and 13 of each repeat recognize and bind
to a specific DNA base.""**! Off-target effects in a genome
and constraints on the recognition site starting with T are two
major limitations of TALEs. Liu and co-workers used PACE to
evolve TALEs with improved DNA cleavage specificity and
improved activity at 5" A and 5'C sites relative to canonical
TALE proteins.””* Importantly, as a general continuous in vivo
evolution platform, PACE can be used to engineer the
specificity of other DBDs.

The CRISPR-Cas system is one of the most important
technologies for gene editing in a wide variety of organisms
and cell types. Among various CRISPR-Cas systems, Cas9
from Streptococcus pyogenes is one of the most widely used
systems for targeted gene disruption, transcriptional activation
and repression, epigenetic modification, and base editing in a
broad range of organisms. Unlike ZFNs and TALENs, SpCas9
has DNA recognition and nuclease machinery in a single
protein. It recognizes the target site by a programmed chimeric
sgRINA that encodes a sequence complementary to a target
protospacer. Additionally, the target site must have a NGG
PAM sequence to support Cas9 recognition.123 Based on the
crystal structure and gene editing mechanism, several Cas9
variants have been created with enhanced specificity and
altered PAM sequences.**”~**> However, some variants show
improved ipeciﬁcity at the cost of reduced on-target
activity."**™" Recently, Sniper-Cas9 and evoCas9 were
created by directed evolution in E. coli and yeast respectively
and showed improved specificity in human cells, while
maintaining near wild-type on-target editing efficiency.*’**”!
Impressively, Liu and co-workers used PACE to obtain xCas9
that recognizes a broad range of PAM sequences including
NG, GAA and GAT. Meanwhile, xCas9 is more specific than
SpCas9 with much lower off-target activity at both NGG and
non-NGG target sites without a trade-off on on-target
activity.*>> PACE was also used to evolve cytosine base editors
with both APOBEC1 and CDA1 deaminases for more efficient
editing of high GC loci while maintaining editing efficiency in
other sequence contexts.*”?

3.2.3. Binding Proteins. 3.2.3.1. G Proteins. G protein-
coupled receptors (GPCRs) are the most important family of
proteins as targets of therapeutics development.”” Tt is
estimated that approximately 30% of all FDA approved drugs
use GPCRs as targets.””* GPCRs are attractive for biomedical
and drug-discovery research due to their importance in
intracellular signaling and relevance to diseases such as cancer,
infection, and inflammation.*”®> Even though GPCRs are
important drug targets, there is relatively little information
about their structures because it is difficult to isolate GPCRs
due to their instability and toxic effects on host cells;
crystallization is also extremely difficult due to the low yields
of purified GPCRs.””® Therefore, many engineering efforts
have been dedicated to improve the expression level of
GPCRs, including attempts to optimize the parameters
influencing protein expression, such as host cells, expression
plasmids, and induction conditions.*”” Directed evolution was
successfully used to improve the expression of GPCRs.*”*~>%
For example, Sarkar and co-workers engineered a functionally
expressed GPCR in E. coli through directed evolution using rat
neurotensin receptor-1 (NTR1) as a model system. The
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engineered variant has improved expression, stability, and
binding selectivity. The expression level of a randomized gene
library was screened by a radioligand assay, in which the
receptors were saturated with a fluorescent agonist. The most
fluorescent cells were isolated by FACS. This work presents a
high-throughput platform for the directed evolution of GPCRs
to improve protein expression level and stability while
maintaining protein function and selectivity. Such a method
can potentially be applied to other membrane proteins and
achieve milligram-level production. For example, three human
GPCRs, tachykinin receptor NK;, a;,AR, and a,AR, were
engineered for higher expression levels and increased stability
by directed evolution.*”® More recently, Pliickthun and co-
workers engineered functionally expressed human oxytocin
receptor (OTR) using directed evolution.””" OTR is clinically
targeted due to its biological role in organizing sexual
reproduction and social behavior. However, OTR is one of
the most challenging GPCRs due to its poor stability and
toxicity to E. coli cells. In this study, Pliickthun and co-workers
created a variant library using epPCR and selected variants
with improved functional expression first in yeast and then in
E. coli.

3.2.3.2. Antibodies. Antibodies are Y-shaped immunoglo-
bulin proteins produced by B lymphocytes. They have a
defined structure and the ability to bind molecular targets with
high affinity and specificity.””> Since the first monoclonal
antibodzf for therapeutic purposes was approved by the FDA in
1986,°%° there have been a huge research interest in the
biotechnological and therapeutic fields for engineering anti-
bodies. By March 2017, 60 therapeutic antibodies had been
approved by the FDA.’** Besides therapeutic applications,
antibodies are widely used as research tools. For example, they
are used to visualize molecules unseen by naked eye and in
routine techniques such as Western blot and flow cytometry.
They are also important for in many diagnostic techniques,””
including the differentiation of cancer and noncancer cells.”*®
With the potential to bind almost unlimited targets with
desired specificity, many studies were performed to engineer
antibodies using directed evolution. One of the major
engineering goals is to improve antigen-binding affinity.
Wittrup and co-workers successfully engineered a single-
chain antibody variant with a two order of magnitude higher
ligand-binding affinity than any reported variants at the time
and a 1,000-fold decrease in the rate of dissociation through
directed evolution. The single-chain scFv library was created
by error-prone DNA shuffling, and the resulting library of yeast
surface displayed antibodies was screened by flow cytometry
sorting.”"” Directed evolution was also employed together with
ribosome display and mRNA display.””*~>'° Due to their high
binding specificity, antibodies can also be used as tools to study
other proteins. For example, Kobilka and co-workers
engineered Nb80, a conformation-selective single-domain
camelid antibody, through directed evolution. The nanobody
was then used to stabilize the active-state of f,-adrenoceptor,
which was used to obtain the crystal structures of the activated
receptor.511

As one of the various antigen targets of antibodies, T cell
receptors are an essential component of adaptive immunity.
Thus, T cell receptors (TCRs) have attracted intense attention
for T-cell-based therapies.”'” One major engineering target of
TCRs is stability. Many TCRs have low solubility and tend to
aggregate, resulting in low or variable production of the
recombinant proteins. Wittrup and co-workers reported a

single-chain T cell receptor (scTCR) scaffold with high
stability and soluble expression using directed evolution. The
TCR library was created by epPCR and screened by yeast
surface display. The top variant was stable up to 46 °C, while
maintaining specificity.”'® Another engineering property is
affinity, since low affinity is a major limitation of TCR-based
therapeutic and diagnostic applications. Jakobsen and co-
workers reported a high affinity human TCRs specific for two
peptide-human leukocyte antigen complexes. They constructed
a library of TCRs by introducing random mutations and
screened by phage display. After several rounds of directed
evolution, they increased the affinity of the engineered TCR by
~10° fold for targeting of the cell-surface peptide human
leukocyte antigen (pHLA).>'*

3.2.3.3. Transcription Factors. Transcription factors (TFs)
regulate gene expression by either activating or repressing the
transcriptional machinery according to different environmental
conditions. TFs are widely used as gene regulatory tools in
metabolic engineering, gene therapy, and biosensing.”"
However, due to their limited substrate scope, specificity,
and sensitivity, native TFs been extensively engineered. Arnold
and co-workers used directed evolution to engineer the
quorum-sensing transcriptional activator LuxR for enhanced
signaling specificity. EpPCR was used to create a library of
genes encoding LuxR, which were analyzed with a positive—
negative dual selection system. The engineered variant R67 M
achieved a 50,000-fold change of specificity compared with
wild-type LuxR.*'® In addition, Cirino and co-workers reported
a successful case of altering AraC inducer specificity using
directed evolution. In the study, two AraC saturation
mutagenesis libraries were created, followed by high-
throughput screening by FACS. The reported variant showed
altered specificity toward p-arabinose and no response toward
the native effector L-arabinose. Moreover, the variant was not
induced by other sugars such as p-xylose, p-fucose, and D-
lyxose.”'” This work demonstrates the potential of designing
customized gene switches using directed evolution. Other
works also demonstrated the use of directed evolution to
modify TFs for metabolic engineering purposes.”'®*"

3.2.4. Transporters. Transporter proteins, located in cell
membranes, have a pivotal role in controlling the influx of
substrate and efflux of products for small molecule
production.””® Thus, there are many studies of transporters
using directed evolution. Cellodextrin transporter 2 (CDT2) is
considered to have more potential than CDT1 for biofuel
production under anaerobic conditions. However, it is limited
by the low activity. Zhao and co-workers engineered CDT2 for
higher uptake of cellobiose and improved cellobiose
fermentation. The CDT?2 library was constructed by epPCR
and screened by a fluorescence assay measuring cellobiose
uptake. The evolved variants showed ~4-fold increase in
cellobiose consumption rate and ethanol productivity.””'
Recently, Nielsen and co-workers performed directed
evolution on the membrane transporter Tpol to facilitate
cellular production of medium-chain fatty acids (MCFAs).
MCFAs are valuable platform chemicals. However, their
production by microbial biocatalysts is limited by the cellular
toxicity of MCFAs. In this study, a library of Tpol variants was
generated by epPCR and selected via a growth-coupled assay
for increased activity conferring cellular resistance against C10
fatty acids. It was found that the yeast strain expressing the best
TPO1 variant increased the titers of C10, C12, and C14 fatty
acids by 0.8—2.1-fold compared to the yeast strain expressing
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the wild type Tpol.>*” In addition, directed evolution has been
proven to be successful in engineering transporters for
improved efflux pump.”*>>**

3.2.5. Reporters. GFP is arguably the most widely used
reporter protein for gene expression and has many other
applications such as fluorescence microscopy.”>” Due to the
limited brightness, wavelength, and folding stability, applica-
tions of native GFP were limited. One of the pioneering
directed evolution studies on GFP was performed by Stemmer
and co-workers in 1995. After three rounds of DNA shuffling
and a visual screening under UV light, a variant with 45-fold
greater brightness than the commercial GFP at that time was
successfully obtained.”” Due to the ease of constructing
screening assay of GFP, directed evolution is often employed
for engineering GFP for higher intensity’*°~>*” and
sensitivity.””" Besides green fluorescent protein, other types
of fluorescent proteins have been evolved, such as red
fluorescent protein,'*"**'~>** far-red fluorescent protein,”**
and yellow fluorescent protein.**’

3.3. Metabolic Pathways

Directed evolution of entire metabolic pathways presents a
greater challenge than directed evolution of single proteins or
nucleic acids because the need to evolve multiple enzymes in a
pathway, preferably simultaneously, increases the complexity of
both library creation and library analysis. In addition,
regulators and genetic elements associated with the pathway
of interest may require optimization, which further expands the
potential sequence space to be explored. Therefore, tailor-
made methodologies are often employed for directed evolution
of entire metabolic pathways. The optimum methods for
genetic diversification and screening/selection of metabolic
pathways are context-dependent and may vary depending on
the target where it is utilized as an assimilation or biosynthetic
pathway and available methods for screening/selection.

3.3.1. Assimilation Pathways. Assimilation pathways are
particularly well-suited for directed evolution because cell
growth and pathway efficiency are closely linked. Conse-
quently, mutagenesis can be applied to the entire pathway
followed by simple selection based on cell growth. Numerous
attempts have been made to apply directed evolution to
enhance the function of heterologous xylose assimilation
pathways in S. cerevisiae. Alper and co-workers used the ICE
method to engineer an isomerase-based xylose metabolic
pathway consisting of xylose isomerase (XylA) and xylulose
kinase (Xks1) (Figure 21A)."*” An isolate that emerged after 1
week of ICE contained a G164K substitution in Xksl,
conferring a 21% increase in the exponential growth rate
(Figure 21B). In a separate parallel experiment employing a
variant xylose isomerase (XylA3*), two isolates were generated
with mutations in XylA3*: the first with the mutation 1433V
and a silent nucleotide change (A1029G), and the second with
three amino acid substitutions A48S, 1433V and M435I,
resulting in 14% and 16% improvements in the exponential
growth rate, respectively (Figure 21C).

In contrast to the ICE method which targeted point
mutations to a specific set of genes, an approach called
“customized optimization of metabolic pathways by combina-
torial transcriptional engineering (COMPACTER)” developed
by Zhao and co-workers enables the generation of a massive
combinatorial library of metabolic pathway variants consisting
of multiple gene variants for each metabolic step expressed at
varying levels.”****” This method was applied to a heterolo-

gous xylose utilization pathway in S. cerevisiaze consisting of a
xylose reductase (XR), xylitol dehydrogenase (XDH), and
xylulose kinase (XK), which led to a yeast strain with a xylose
consumption rate of 0.92 g/L/h at a yield of 0.26 g ethanol per
gram of xylose. A similar combinatorial method was used to
create more than 8,000 xylose metabolic pathway variants,
which led to a yeast strain that produced 0.31 g ethanol per
gram of xylose and only 0.06 g per gram of xylose as a
byproduct.”*

Another combinatorial expression approach was used by
Dueber and co-workers to enrich libraries of a three-gene
xylose utilization pathway and an eight-gene xylose utilization
pathway from Scheffersomyces stipitis under aerobic and
anaerobic conditions.”” A one-pot Golden Gate reaction
was used to assemble backbones with plasmids containing
expression cassettes driven by a set of five constitutive
promoters of varying strength, resulting in a library containing
all possible expression profiles of the three-gene and eight-gene
pathways. The resulting library was then transformed into S.
cerevisiae and enriched for the best performing xylose
utilization pathways through serial cultures with xylose as a
primary carbon source under both anaerobic and aerobic
conditions. Unsurprisingly, the eight-gene xylose utilization
pathway performed better than the minimally required three-
gene xylose utilization pathway, and the best performing xylose
utilization pathway under anaerobic conditions did not
correspond to the best performing xylose utilization pathway
under aerobic conditions.

In another example, Zhao and co-workers employed the
COMPACTER method to develop a cellobiose-consuming S.
cerevisiae strain with the highest efficiency reported at the time,
yielding 0.44 g ethanol per gram of cellobiose.*****” Zhao and
co-workers evolved the cellobiose utilization pathway by
performing epPCR on the beta-glucosidase gene ghl-1 and
cellodextrin transporter gene cdt-1 coupled with selection,
which led to a 47% improvement in growth rate, 49% increase
in cellobiose utilization rate, and 64% increase in ethanol
producti\{itg' compared to the wild-type cellobiose utilization
pathway.”*’ The yield of ethanol from cellobiose was also
slightly improved, from 0.41 + 0.02 to 0.436 + 0.004 g/g. By
combining directed evolution with multigene pathway
optimization, Zhao and co-workers developed a yeast strain
capable of efficient cellobiose bioconversion, with a 6.4-fold
increase in the cellobiose utilization rate and ethanol
productivity.”*'

3.3.2. Biosynthetic Pathways. In contrast to directed
evolution of assimilation pathways, where the function of the
pathways can often be directly linked to the growth of the
target organism or production of a growth-associated product,
directed evolution of biosynthetic pathways can be substan-
tially more difficult due to the required screening of the target
product. Nonetheless, thanks to advances in tools for library
creation and screening/selection, significant progress has been
made over the past decades.

3.3.2.1. Organic Acids. Substantial efforts have been
invested in microbial production of organic acids due to
their high demand as building blocks for the synthesis of drugs,
polymers, and other industrially important biochemicals. One
of the target organic acids is 4-hydroxyphenylacetic acid, which
has numerous uses in the synthesis of dr_'u§s and agrichemicals
such as penicillin G and benzoprofen.”* Using E. coli as a
production host, Liu and co-workers identified the yeast
Ehrlich pathway as an optimum biosynthetic route to 4-
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hydroxyphenylacetic acid. The component enzymes were
evolved using epPCR, yielding two phenylpyruvate decarbox-
ylase ARO10 and phenylacetaldehyde dehydrogenase FeaB
variants that performed better than their wild-type counter-
parts. The expression of the evolved genes was then balanced
using a tunable intergenic region sequence, improving
production by 1.13-fold compared to the wild-type pathway.
After implementing a quorum-sensing circuit to combat the
toxicity of the heterologous pathway, the resulting strain
achieved a maximum of 17.39 + 0.26 g/L 4-hydroxyphenyl-
acetic acid with a 23.2% molar yield, representing a further
46% improvement over the constitutively expressed evolved
pathway.”**

Glucaric acid is a key renewable chemical for planned
replacement of petroleum-based polymers, such as polypropy-
lene, polyethylene, nylon, and more.”*’ Church and co-workers
employed directed evolution to enhance biosynthesis of
glucaric acid by coupling its production to individual cell
fitness. This sensor-selector approach couples the sensory
protein CdaR with the dual-selector TolC, which can be
positively selected using sodium dodecyl-sulfate (SDS) and
negatively selected with colicin E1. By combining this sensor-
selector method with MAGE, Church and co-workers achieved
a 22-fold increase in glucaric acid production using only a
single round of diversification and selection. Although their
maximum achieved titer of 1.2 mg/L glucaric acid is far lower
than other reports, it was shown that the MAGE-competent E.
coli K strain used for the directed evolution was not well-suited
for glucaric acid production. A 300-fold increase in glucaric
acid production was observed by expressing the same pathway
in the E. coli BL21 strain.”*

Muconic acid is another platform chemical important for
production of renewable biopolymers.”** Alper and co-workers
engineered an S. cerevisiae strain with a biosensor responsive to
aromatic amino acids as a surrogate for target pathway flux and
then coupled this biosensor with an antimetabolite feeding
strategy. Sequential rounds of directed evolution enriched
strains with improved aromatic amino acid pathway flux, which
was then redirected into muconic acid production by
introduction of the target biosynthetic pathway, resulting in a
maximum of 2.1 g/L muconic acid at a yield of 12.9 mg
muconic acid/g glucose.544

3.3.2.2. Carotenoids. Carotenoids are red, orange, or yellow
pigments which may possess vitamin A activity. Using a
molecular breeding approach, Arnold and co-workers ex-
pressed shuffled phytoene desaturases and screened the
resulting library for carotenoids, which led to a novel pathway
for production of 3,4,3',4’-tetradehydrolycopene in addition to
other related carotenoids.”** Lycopene, a bright red carotenoid
molecule, has been a popular target for metabolic engineering
and directed evolution. Church and co-workers employed
MAGE for accelerated evolution of a lycopene pathway and
isolated a strain with more than S5-fold improvement in
lycopene production.'”* Through triclosan-induced chromo-
somal evolution, Liu and co-workers developed a lycopene-
producing E. coli strain free of plasmids or antibiotic markers
capable of accumulating 33.43 mg lycopene per gram of dry
cell weight.”*

3.3.2.3. Other Examples. In pursuit of an optimized
pathway for the biosynthesis of amorpha-4,11-diene, a
precursor to the antimalarial drug artemisinin, Keasling and
co-workers subjected a heterologous S. cerevisize mevalonate
pathway expressed in E. coli to directed evolution by generating

libraries of tunable intergenic regions (TIGRs).”*” TIGRs can
be used to vary the relative expression of two reporter genes
over a 100-fold range and simultaneously tune the expression
of several genes within an operon. A 7-fold increase in
mevalonate production was achieved by employing a library of
TIGRs to balance the expression of the mevalonate biosyn-
thesis pathway.**

Salis and co-workers aimed to enhance the cellular supply of
NADPH by transferring the five-enzyme Entner—Doudoroff
pathway from Zymomonas mobilis into E. coli and then
enhancing its activity by accelerated evolution via MAGE to
enable rapid regeneration of NADPH. After creating a library
of 10° pathway variants via MAGE, an NADPH-dependent
blue fluorescent protein (mBFP) was employed to quickly
screen for 624 variants with high NADPH regeneration rates.
Among these, 22 strains were subjected to in-depth character-
ization of in vivo NADPH regeneration rates and NADPH-
dependent biosynthesis rates to identify potential relationships
between enzyme expression levels and NADPH regeneration.
However, higher expression levels were not consistently linked
with the highest NADPH regeneration rates. The best variant
identified exhibited a 25-fold increased NADPH regeneration
rate as measured by the mBFP fluorescent reporter and when
combined with an optimized terpenoid pathway, the evolved
Entner—Doudoroff pathway increased terpenoid titer by
97%.>*

Using the same sensor-selector strategy described above,
Church and co-workers enhanced production of the flavonoid
naringenin in E. coli. Instead of focusing directed evolution on
the naringenin biosynthetic pathway, efforts were made toward
genomic targets that can enhance the supply of the naringenin
precursors tyrosine and malonyl-CoA. A toggled selection
approach was employed, wherein those cells that gain
mutations enabling survival despite not producing the target
chemical are selectively killed in each round of evolution.
Based on the naringenin sensor TtgR, Tol1C dual selection was
used to couple toggled selection with MAGE to generate
diversity followed by selection of around 20 colonies from each
round of directed evolution and enrichment. Four rounds of
directed evolution led to isolation of an evolved strain with 36-
fold hi§her naringenin production compared to the parental
strain.”*

In another example, Church and co-workers used CoS-
MAGE to improve the production of aromatic amino acid
derivatives in E. coli. Specifically, CoS-MAGE was used for
simultaneous and combinatorial insertion of multiple T7
promoters into 12 genomic operons, generating 80 unique
variants from the fifth iteration of CoS-MAGE for further
characterization. Tryptophan was indirectly measured by using
plasmid-based expression of a Methylophaga sp. flavin-
containing monooxygenase followed by extraction and
quantification of indigo and indirubin pigments. The best
performing variant produced over 8.6 mg indigo per gram of
dry cell weight, a 4-fold improvement over the parental
strain,”>’

Although there are numerous potential methods to
introduce genetic diversity into a metabolic pathway, the
large sequence space generated necessitates effective screening
methods for successful application of directed evolution
toward optimization of entire metabolic pathways. The highly
successful efforts highlighted above directly linked pathway
efficiency to cellular fitness, either by evolvin% a_pathway
essential for the primary available carbon source’*”**°7%% or
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by linking a biosensor for the target product to survival of the
cell.”* Producing a pigment, such as carotenoids, simplifies
screening as colonies of successfully evolved variants can be
visually identified on a plate among thousands of nonfunctional
background isolates.”*”**® Efforts to apply directed evolution
to entire metabolic pathways would be greatly aided by the
development of innovative new screening strategies or
generalized methods to select for producers of specific target
molecules.

3.4. Genetic Circuits

Preprogrammed responses and complex behaviors can be
implemented in engineered organisms using genetic circuits,
but fine-tuning circuit function can be an immense task due to
the wide range of factors linking the input signal to the desired
circuit response. While design and implementation of a novel
genetic circuit is an inherently rational process, directed
evolution is an invaluable tool for optimizing circuit function.
Arnold and co-workers rationally designed a nonfunctioning
genetic circuit encoding the IMPLIES logic function, which
was comprised of separate NOT and OR logic functions.
Ultimately, the circuit shown in Figure 20A inversely links the
concentration of Enhanced yellow fluorescent protein (EYFP)
to the concentration of the external inducer IPTG, by
repressing EYFP expression with the cI protein, which is in
turn repressed by Lacl in the absence of IPTG. For this
IMPLIES logic statement to function properly, the distinct
NOT and OR statements must produce biological outputs,
such as protein concentrations, which are in ranges compatible
with each other and can be interpreted as the same logic level.
While this matching is not easy to achieve via rational design,
directed evolution can be used to generate a functional circuit

from a nonfunctioning initial rational design. Variant libraries
of the cI protein and its RBS were generated followed by
evolution for optimal circuit function by first screening for high
amounts of the fluorescent protein in the absence of IPTG,
then for low amounts of the fluorescent reporter in the
presence of IPTG. A wide range of cI variants were identified
which enabled a functional circuit: truncations of the C-
terminal domain, multiple mutations in the coding sequence,
and modifications to the RBS.>"! Similarly, Voigt and co-
workers constructed a circuit which required tuning the linkage
between a sensor output gene.’’” A library of random
ribosome binding sites was constructed and screened for
selective induction under anaerobic growth or arabinose
induction.

While the first report of directed evolution of a genetic
circuit was fairly specific to the IMPLIES logic statement,
Arnold and co-workers later expanded upon this technique
with the development of a dual selection strategy that allows
selection of ON and OFF states by coupling the circuit output
with the survival or death of the host strain.”>® Using this
method, a generic selection method can be connected to any
genetic circuit that results in ON/OFF gene expression as an
output. The dual selection strategy was implemented using the
genetic circuit shown in Figure 20: the ON state drives
polycistronic expression of tetA, conferring tetracycline
resistance, and bli, encoding a protein inhibitor of f-lactamase,
while a constitutive promoter expresses bla encoding f-
lactamase. When this circuit is in the ON state, the cell
population is resistant to tetracycline and susceptible to
carbenicillin. When in the OFF state, tetA and bli are no longer
expressed, causing susceptibility to tetracycline and resistance
to carbenicillin. This circuit was then placed under the control
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of the APRO12 promoter and expressed alongside Lacl so that
the presence of IPTG resulted in an OFF circuit (Figure 20).
This circuit was mixed with cells containing nonfunctional
background circuits at a molar ratio of 200:1 and enriched via
selecting for tetracycline resistance without IPTG, then
carbenicillin with IPTG. A single round of selection resulted
in 155-fold enrichment of the circuit plasmid. Yokobayashi and
co-workers later simplified this approach by allowing selection
of ON/OFF circuits using the single selection marker tetA.>>*
By taking advantage of the NiCl, sensitivity of tetA-expressing
cells, both positive and negative selection can be accomplished
using this single marker. Three rounds of directed evolution
using this simplified circuit enabled selection of the desired
switch from a 2,000-fold excess background of nonfunctional
switches.

Umeno and co-workers further improved the dual selection
methodology by employing the Herpes simplex virus
thymidine kinase (hsvTK), which induces cell death in the
presence of the mutagenic nucleoside dP and acts as an
excellent OFF-selector (Figure 20B).”>> Thymidine kinases
can also rescue tdk- strains from thymidine deficiency, enabling
ON selection as well. Due to the impressive selection strength
of the hsvTK system, successive ON/OFF selection rounds
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can be accomplished at a selection efficiency of over 10* per
round. Recently, Umeno and co-workers employed hsvIK
dual selection to evolve a highly stringent LuxR Vibrio fischeri
quorum sensor.”* Stringency is often generated by successive
ON/OFF selection rounds, aiming to generate high induced
expression and low leakiness, respectively. Interestingly, four
successive rounds of ON-selection alone generated a
population of variants which required ligand binding for
proper protein folding, nearly eliminating leakiness in the
absence of the induction ligand.

Throughout these efforts, cellular fitness was an essential
prerequisite for optimization of the genetic circuit by directed
evolution. To decouple cellular fitness from optimization of
circuit function, Ellington and co-workers developed compart-
mentalized partnered replication (CPR), which combines in
vivo protein expression and in vitro PCR amplification steps.”’
The six amino acid residues of the T7 RNA polymerase
specificity loop were fully randomized and used to drive the
modified T7 promoter Pcgg. Following 16 rounds of directed
evolution and amplification, a variant RNA polymerase was
identified with activity toward Pcgg at a similar strength as the
wild-type polymerase toward the wild-type promoter, but with
less than 0.1% cross-reactivity with the wild-type T7 promoter.
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CPR was also shown to be applicable to coevolution of entire
genetic circuits. An aminoacyl-tRNA synthetase:tRNA pair
from S. cerevisiae was coevolved to enable incorporation of the
unnatural amino acid S-hydroxy-L-tryptophan (SHTP) by
suppressing amber codons. After ten rounds of CPR, variants
were transformed with GFP containing three amber codons
and assayed for their ability to produce a fluorescent output.
The CPR-evolved 40A tRNA variant together with the CPR-
evolved SHTP incorporating SOH-R3—13 tRNA synthetase
gave a robust fluorescent output by efficient incorporation of
SHTP in response to the GFP amber codons.”>”>>*

In a separate approach employing riboswitch-based sensors
for pH-dependent control of gene expression, Chang and co-
workers used a genetic circuit to evolve acid-tolerant
phenotypes by programming cells with an inverse relationship
between the in vivo mutagenesis rate and the intracellular
pH.**® This was accomplished by constitutive expression of
ednaQ, an error-prone variant of dnaQ, the € subunit of E. coli
DNA polymerase III which contributes to the proofreading
capacity of the replication machinery, which on its own led to a
100-fold increase in genome replication error rate. Using a pH-
sensitive riboswitch, cells capable of buffering against acidic
extracellular pH conditions trigger expression of an integrase,
which inverts the ednaQ promoter, switching off its expression
while activating expression of a fluorescent reporter gene,
permanently marking the cell as having evolved a desirable
phenotype (Figure 20C). Three rounds of directed evolution
led to a fluorescent population from which two strains were
isolated with substantially improved acid tolerance as
compared to the parental E. coli strain. The evolved strains
ATO01 and ATO2 exhibited increased growth in low pH
conditions and a substantial buffering of their internal pH
when in the presence of several industrially relevant organic
acids.

Design and evolution of a genetic circuit can be limited by
the variety, quality, and orthogonality of component parts. In
pursuit of a large set of programmable and orthogonal
circuitry, Ellington and co-workers employed CPR to generate
a synthetic phylogeny of Trp repressors.”'® TrpR variants were
evolved with activities toward novel operator sequences in
addition to altered ligand binding sites, enabling regulation by
L-tryptophan or several analogues onto a variety of sequence
options. Moreover, tethering these synthetic repressors enables
generation of intramolecular protein logic by linking different
functions into a single protein.

Directed evolution is an essential tool for generating
component parts and optimizing the function of genetic
circuits. However, current implementations are severely limited
by selection/screening capabilities and thus have largely
focused on relatively simple circuits.”>” Because of the vast
complexity of selection, new tools and techniques will need to
be developed for directed evolution of circuits with outputs
having spatial®®’ and temporal®®"*®* variations. Implementing
these circuits in cell consortia adds even further complexity as
evolving cell—cell communication networks and population-
level behaviors®*® will require the generation of vast libraries
and precision selection techniques. Most likely, the most
fruitful efforts will combine rational design with directed
evolution: rational design of complex circuit networks based
upon logic gates and component proteins optimized through
directed evolution.
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3.5. Viruses

Viruses have short generation time and their capacity to adapt
to new hosts and environments is highly dependent on the
ability to generate diversity in a short of time.”** Mutation
rates vary among viruses: RNA viruses usually mutate faster
than DNA viruses, single-stranded viruses mutate faster than
double-strand viruses, and genome size appears to correlate
negatively with mutation rate.’***®® Viral mutation rates are
modulated by different factors such as polymerase fidelity,
replication mode, genomic architecture, and access to
postreplicative repair.”***®® Viruses evolve through changes
in their genomic RNA (or DNA) under selective pressure, and
the best adapted variants will be quickly enriched, spread, and
continue their contagion. Because many viral infections have a
profound impact on host fitness and survival and thus host
evolution, understanding viral genome evolution can provide
insights about potential drug and vaccine targets.’**®
Directed evolution has proved to be a powerful strategy for
viral genome evolution. Since the mechanisms and processes
have been comprehensively reviewed elsewhere, ***%>39%7571
we will mainly focus on two main applications: driving nonviral
protein expression and optimizing gene therapy.

3.5.1. Driving Nonviral Protein Expression. The
directed virus evolution strategy can be used to improve
gene expression systems by making them an integral and
essential part of the virus,”’> thereby optimizing nonviral
protein expression. Bamford and co-workers developed an in
vitro evolution system based on a recombinant double-
stranded RNA bacteriophage, @6 to monitor the trajectory of
molecular changes in RNA genome.””” The recombinant @6,
containing an integrated f-lactamase gene (bla) marker was
propagated in carrier-state bacterial cells in the presence of f-
lactam antibiotic (cefotaxime). After several passages, the
carrier-state bacterial cells showed resistance to high
concentrations of cefotaxime, and three nonsynonymous
mutations were found in f-lactamase, two of which (E104 K
and G238S) have been previously reported for f-lactamases
from cefotaxime-resistant bacterial isolates. In a similar study,
Das and co-workers optimized the tetracycline-regulated gene
expression system (Tet system) in mammalian cells by
incorporating the components of the Tet system in the
human immunodeficiency virus (HIV)-1 virus.””> Upon long-
term replication of HIV-reverse transcriptional activator (HIV-
1tTA) virus in human T cells, a virus variant with single amino
acid substitution (F86Y) was obtained that enhanced virus
replication potential, and thus transcriptional activity and
doxycycline (dox) sensitivity of rtTA. An rtTA variant was
generated with S-fold higher activity at high dox levels and 25-
fold higher sensitivity to dox compared to the wild-type rtTA.
Such a variant would be of particular advantage when the HIV-
rtTAvirus is used as an anti-HIV-1 vaccine because of the
reduced risk of unintended reactivation of the virus after
vaccination. In another study, a synthetic system was desi%ned
with a genetically engineered E. coli and phage M13 virus.””* E.
coli provides nutrients and energy necessary for virus
propagation, while phage M13 enhances infected hosts to
survive under fatal concentration of antibiotics. The system
was then applied to evolve a virus-carried heterologous gene
(luxR) under increasing selective pressure, which consequently
allowed the infected hosts to survive against antibiotics. As a
result, several evolved LuxR variants with improved activity
(up to 17-fold) were obtained from a limited number of viruses
randomly isolated after a small number of generations. This

https://doi.org/10.1021/acs.chemrev.1c00260
Chem. Rev. 2021, 121, 12384—12444


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

: - =3
111 ] T7
Bl =
11 = 6 L D
12 |
Ts
oA ) 3 4
exay ) — ® 00—
il

N-| VP1 (1735 aa] -C
N-| VP2 (138 — 735 aa’ -C
N- VP3 (203 - 735 aa -C

| ————HD DO (100%) |
587N~LANKTQTINA~588R V708!
| Hv2B(18%) |
E67A 587N~LAKNKTAENA~588R 1698V
E67TA  S207G Qs98L
[Ereesmensnsnrms HIVAC (64%) Rrtremasnasanamy

S207G 587N~LAKNPTATTA~588R 1648V V708!

H9 Cells _

1600
1400
1200
1000
800
600
400
200
[
O

PR 3)
& X

HO-HIV Cells
00

Now oA
s & 3
8 &8 8

AAV Genomes/GAPDH
2
8

AAV Genomes/GAPDH

o

O R L O
& B 5
&Y

& v
S

N
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using adenovirus rescue; (6) successful clones are enriched through repeated selection steps; (7) sequencing to confirm the isolated viral DNA with
selected cap genes; (8) selected cap genes are mutated again to serve as a new starting point for further selection steps to iteratively increase viral
fitness.”® (Adapted with permission from ref 576. Copyright 2012 Springer Nature. Original Figure 1a was adapted in this Figure 22A.) (B) Novel
AAV variants after six rounds of selection. Wild-type AAV encodes three viral capsid proteins (VP1, VP2, and VP3; blue). After six rounds of
selection, the AAV library converged to a small number of sequences. One predominant sequence for H9 cells (green) and three predominant
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ref 581. Copyright 2017, Elsevier. Original Figures 3 and 4 were reproduced in parts B and C.)

synthetic system offers an in vivo targeted evolution strategy
capable of facilitating evolution through artificially created
interspecies cooperation.

3.5.2. Optimizing Gene Therapy. Gene therapy vectors
based on adeno-associated virus (AAV) are the leading
platforms for the treatment of a variety of human diseases.
Efforts have been made to increase preclinical and clinical
successes in AAV-mediated gene therapy by developing
desirable AAV capsids, optimizing genome designs, and
harnessing novel revolutionary strategies.””> Since the virology,
fundamentals, mechanisms, vector designs, and biosafety of
AAV have been comprehensively reviewed,””>™>’" here we
outline some processes in creating novel classes of AAV variant
libraries for diverse applications using directed evolution
strategies.

Directed evolution enables relatively rapid selection and
isolation of AAV variants with novel and therapeutically
valuable properties (Figure 22A).”"%**" It was applied to
isolate AAV capsids with increased tropism toward an HIV-1
producer T cell line.”®" A library of AAV variants was used to
infect HIV-1-infected and uninfected H9 T cells followed by
AAYV amplification with wild-type. Six rounds of selection were
performed, and the H9 T cells were successfully infected with
all three wild-type viruses (AAV, adenovirus, and HIV-1). Four
resulting variant capsids (H9-SC, HIV-2B, HIV-2C, and HIV-
4C) (Figure 22B) were used to package an AAV vector and the
corresponding AAV variants were subsequently used to target
parental and HIV-1 infected H9 T cells. A quantitative
polymerase chain reaction (qQPCR) assay revealed that two
(HIV-2B and HIV-4C) of the four capsid variants showed a
significant increase in the amount of cell-associated viral DNA
compared to wild-type viruses (Figure 22C). This study offers
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a potential gene therapy approach with the goal of delivering
an anti-HIV-1 therapeutic molecule such as a small interfering
RNA molecule or a genome editing system.

Inherited retinal degenerative diseases are a clinically
promising target of AAV-mediated gene therapy. Flannery,
Schaffer, and co-workers implemented in vivo directed
evolution to engineer AAV variants capable of delivering the
gene cargo to the outer retina from the vitreous.”*” An evolved
AAV variant (7m8) mediated highly efficient delivery to all
retinal layers in mice and nonhuman primates. It also mediated
therapeutic gene delivery to photoreceptors in two mouse
models of retinal disease, enabling noninvasive, long-term
histological and functional rescue of disease phenotypes across
the entire retina. These findings have important clinical
implications for the development of gene therapies for X-
linked retinoschisis, Leber’s congenital amaurosis, and other
retinal diseases requiring robust, panretinal gene expression
without retinal detachment. Their recent study introduced
deep sequencing to guide in vivo directed evolution of AAV
and used a GFP-barcoded library to select high-performing
AAV vectors.”® Six rounds of in vivo selection in primates
resulted in vectors with redirected tropism to the outer retina
and increased gene delivery efficiency to retinal cells.

In addition to AAV vectors, recently developed synthetic
virus-like nucleocapsids from nonviral protein cages have great
potential for the delivery of nucleic acids, which may avoid the
safety risks and engineering challenges associated with
viruses.”****> The ability of synthetic nucleocapsids, previously
designed icosahedral protein assemblies with positively
charged inner surfaces, was explored to evolve virus-like
properties, for example packaging their own full-length mRNA
genomes.”®* The diversified populations or variants were

https://doi.org/10.1021/acs.chemrev.1c00260
Chem. Rev. 2021, 121, 12384—12444


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00260?fig=fig22&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

Table 6. Selected Examples of Whole Cell Engineering by Directed Evolution Strategies

applications compounds methods genetic modifications improvements ref
Substrate Xylose Three rounds of Overexpression of VPS13, MDHI, and COXSA; down-  29% faster xylose utilization, and 45% higher 588
Utilization RAGE in S. cerevi- regulation of CDCI11 ethanol productivity
siae
Galactose One round of ge- Overexpression of previously confirmed SECS3 and 250% higher in both galactose consumption rate 592
nome-wide pertur- novel targets SNR84 and TUPI and ethanol productivity for the truncated TUP1
bation in S. cerevi- overexpression
siae and 10 times
serial subcultures
Glycerol Four rounds of ge- N/A 80% higher starting glycerol concentration for 590

nome shuffling in
Clostridium diolis

variant 98; and 80% higher 1,3-propanediol yield
in variants GSHM2, 4

Chemical Tylosin Two rounds of ge- A single-nucleotide mutation in a regulatory gene 9-fold more tylosin than the starting strain 88
Production nome shuffling in within the tylosin biosynthetic pathway
Streptomyces fradiae
Lycopene 5—35 cycles of MAGE 24 genes in the DXP pathway were modified, and their ~S-fold increase in lycopene production 104
in E. coli RBS sequences were optimized
Carotenoids S iterative cycles of yJBD069 strain was generated from yJBD0S57 strain, 38.8-fold increase of carotenoids production 119

SCRaMbLE
(MuSIC)

while yJBD057 had a much larger duplication (130
kb) from YELO72W to YELOI2W and a larger

deletion in synIIl (YCL0O73C-YCLO09C) than those

in yJBD048

Tolerance/ Furfural

Resistance in S. cerevisiae

Lactic acid Five rounds of ge- N/A
nome shuffling in
Lactobacillus

Isobutanol/1- One/two rounds of
butanol tunable RNAi in S.

cerevisiae

Two rounds of RAGE SIZ1 deletion or knockdown

73% higher maximum growth rate of sizIA strain 595
than that of wild-type in the presence of 0.8 g/L
furfural

The shuffled strain FS could grow at pH 3.8, and 89
produced >5 g/L lactic acid, 3-fold higher than
the wild-type strain at pH 4.0

Hsp70 family as a key regulator of isobutanol tolerance ~Downregulation of Hsp70 family genes increased 598
in a single round of screening; the alcohol
dehydrogenase and enolase were identified through
two rounds of screening

cell growth rate by 64% in 12 g/L isobutanol;
the combined downregulation of ADH and ENO
improved growth up to 3,100% in 10 g/L 1-
butanol

generated using E. coli as an expression host. After several
generations of directed evolution, the markedly improved
genome packaging efficiency (more than 133-fold), stability in
blood (from less than 3.7% to 71% of packaged RNA protected
after 6 h treatment), and in vivo circulation time (from less
than S min to ~4.5 h) were achieved. The resulting synthetic
nucleocapsids were able to package one full-length RNA
genome per 11 icosahedral assemblies, comparable to the best
recombinant rAAVs. A nonviral protein cage formed by
Aquifex aeolicus lumazine synthase and its encoding mRNA was
converted to virus-like nucleocapsids by directed evolution.”*
The evolved capsid proteins specifically recognize packing
signals on cognate mRNAs, and these RNA tags can also be
used to direct preferential packaging of other genes. These
studies demonstrate that there are simple evolutionary paths
through which protein assemblies can acquire virus-like
genome packaging and protection capabilities. As such, these
systems have great potential for therapeutic nucleic acid
delivery and vaccine development.

3.6. Whole Cells

Directed evolution has emerged as a powerful tool for
engineering various organisms ranging from bacteria to higher
eukaryotes on the genome level. It can not only facilitate
selection of desired phenotypes but also help researchers
explore the genetic targets that are responsible for these
phenotypes and unlock nature’s biosynthetic potentials.** In
this section, we highlight several directed evolution strategies
on a genomic scale and their applications in improving
substrate utilization, chemical production, cell tolerance/
resistance, and genotype-phenotype mapping.

3.6.1. Improving Substrate Utilization. A direct link
exists between cell fitness and substrate assimilation capacity.
Efficient utilization of substrates, especially the undesirable

carbon sources, has become one of the most essential
objectives for constructing microbial cell factories. Directed
genome evolution can uncover genomic variants conducive to
robust growth on substrates of interest.

Xylose is a major component of lignocellulosic biomass (one
of the most abundant feedstocks), and its efficient utilization is
crucial for lignocellulosic biofuel production. To improve
xylose fermentation in S. cerevisiae, DNA shuffling was used to
recombine the whole genome of Pichia stipitis that has high
xylose-fermenting capability with that of S. cerevisiae.”®” After
two rounds of genome shuffling and screening, one evolved S.
cerevisiae strain ScF2 was able to utilize high concentrations of
xylose (100 g/L to 250 g/L) for ethanol production, and the
ethanol producing rate is even higher than that of P. stipitis. In
another study, RNAi-assisted genome evolution (RAGE) was
performed in S. cerevisiae to improve xylose utilization.”® In
particular, a full-length cDNA library was constructed in the S.
cerevisiae SR8 strain and processed into genome-wide
modulation cassettes encoding both overexpression and
down-regulation mutations. In each round of RAGE screening,
modulation cassettes conferring the largest phenotypic
improvement were integrated into the genome to create new
parent strains for the next round to identify potential synergy
between beneficial mutations. After three rounds of RAGE,
overexpression of VPS13, MDHI and COXSA as well as down-
regulation of CDCI11 were found to improve the xylose
utilization rate and ethanol productivity by 29% and 45%,
respectively (Table 6). When applied to yeast harboring
synthetic chromosome V, SCRaMbLE could generate strains
with dramatically enhanced cell growth rates in xylose
medium.''® The average growth rate of resultant strain XD4-
pJCHO006 was 0.2 h™" in baffled flask containing xylose, which
compares favorably to the 0.18 h™' maximum growth rate
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reported for similar conditions after extensive optimization of
the xylose utilization pathway.”*’

In addition to xylose, utilization of other substrates was also
enhanced by different directed genome evolution methods.
Examples include glycerol utilization by genome shuffling in
Clostridium diolis,>”° CRISPR-assisted RAGE in S. cerevisae,””"
galactose fermentation by genome-wide perturbation in S.
cerevisiae,’”> and fermentation of sugars in hardwood spent
sulfite liquor (HWSSL) by genome shuffling in S. cerevisiae
(Table 6).>%°

3.6.2. Enhancing Chemical Production. Maximizing the
production of chemicals is a challenging metabolic engineering
task thanks to the underlying conflict between fast, steady cell
growth, and repurposing of cellular resources to produce a high
titer of desirable compounds.””* Directed genome evolution
can be used to overcome this conflict and optimize the
production of chemicals.

Tylosin, a complex polyketide antibiotic is commercially
biosynthesized by Streptomyces fradiae.*® Through two rounds
of genome shuffling, seven strains were identified that produce
higher tylosin titers than the industrial SF21 strain (derived
from natural isolate SF1 via 20 cycles of classical strain
improvement) under high-throughput conditions.*® The best
two shuffled strains, GS1 and GS2, produced up to 9-fold more
tylosin than SF1 and were statistically the same as SF21 (Table
6). Genome sequencing showed that SF21, GS1 and GS2 all
had a single-nucleotide change in a regulatory gene, tyIQ
compared to SF1. However, the mutation in GS1 and GS2 was
at a different position from that in SF21.

1-Deoxy-D-xylulose-S-phosphate (DXP) is an important
intermediate in the nonmevalonate (or mevalonate independ-
ent) pathway, and the optimized DXP biosynthesis pathway
can be used to produce isoprenoid compounds of industrial
and pharmaceutical relevance, such as lycopene.'”* MAGE was
applied to optimize the DXP biosynthesis pathway for
overproduction of lycopene in E. coli.'®* Twenty-four gene
targets in the DXP pathway were modified simultaneously
using a complex pool of synthetic DNA, generating 4.3 billion
combinatorial genomic variants per day. Several isolated
variants exhibited 5-fold increase of lycopene production
within 3 days; the highest lycopene yield of ~9000 ppm (ug
per g dry cell weight) is better than documented yields (Table
6).

Besides tylosin and DXP, the production/biosynthesis of
many other valuable compounds have been greatly improved
using various directed genome evolutions strategies. Examples
include the enhanced biosynthesis of violacein and penicillin G
by SCRaMbLE in S. cerevisiae''® and the optimized carotenoid
pathway by MuSIC (Multiplex SCRaMbLE Iterative Cycling)
(Table 6).'*°

3.6.3. Increasing Tolerance/Resistance. Under harsh
growth conditions or in the presence of stressors, cells can
activate stress responses by reallocating cellular resources and
thus inhibit their growth potential. Directed genome evolution
has been established as an efficient tool to overcome the
growth inhibition induced by various stressors such as low pH/
acid, growth inhibitors, and toxic products.

Furfural is one of the major inhibitors present in
lignocellulosic hydrolysates, which is formed from the
dehydration of pentoses during dilute acid pretreatment of
lignocelluloses.” The toxicity of hydrolysates correlates with
furfural concentration, with less than 5 g/L of furfural
completely inhibiting cell growth and significantly reducing

the yield and productivity of desired products.””® Therefore,
increasing furfural tolerance in microorganisms should provide
a cost-effective way for lignocellulose fermentation. Using
genome-wide RNA-interference (RNA|, in a design similar to
RAGE described in section 3.6.1), Zhao and co-workers
identified the E3 SUMO-protein ligase gene SIZI as a novel
determinant of furfural tolerance in S. cerevisiae.””> The sizIA
cells exhibited improved furfural tolerance, which was
accompanied by rapid furfural reduction to furfuryl alcohol
and resulted in >2.5-fold higher ethanol productivity in the
presence of 0.8 g/L furfural (Table 6). In addition, genome
shuffling was applied to Z. mobiliz for enhanced furfural
tolerance.””® After two rounds of directed evolution, the
evolved strains exhibited improvements of 76.8% in cell growth
rate and 88.5% in ethanol yield compared to the parental
strains in the presence of S g/L acetic acid (another major
inhibitor in lignocellulosic hydrolysates) and 3 g/L furfural.

In addition to furfural, other stressors can also be relieved
through directed genome evolution. Examples include
improving lactic acid tolerance in Lactobacillus by genome
shuffling (Table 6),” improving acetic acid tolerance in S.
cerevisiae by RAGE,*”” and increasing isobutanol and 1-butanol
tolerance in S. cereviside using a tunable RNAi screening
approach (Table 6).>”

3.6.4. Genotype—Phenotype Mapping. Adaptive evo-
lution is a useful strategy to engineer a microorganism for a
desired phenotype, but it is challenging to efficiently link
genotype to phenotype. Predicting the functional consequen-
ces of genetic variation is one of the fundamental challenges in
understanding phenotypic diversity and engineering desirable
traits for biotechnological applications.">” Facile CRISPR
mediated HDR-assisted genome-scale perturbations men-
tioned in section 2.1.2.3 provide ways to obtain variants with
the desired phenotype and identify corresponding genes
contributing to those changes, and thus facilitate the
subsequent engineering process. For example, Zhao and co-
workers developed trackable genome wide knockout libraries
of S. cerevisiae using CHAnGE and identified double variants
SIZIALCB3A and BULIASURIA with 40- and 20-fold
improvements in furfural and acetate tolerance, respectively.
Those gene targets had not been reported before."”” More
recently, the same group reported another whole genome-wide
engineering tool, MAGIC, that provides more comprehensive
genome engineering through a triple-mode of genome-scale
activation, interference, and deletion.’®® In total, 37,817,
37,870, and 24,806 unique guide sequences, covering more
than 99% of ORFs and RNA genes, were synthesized for the
CRISPRa, CRISPRi, and CRISPRd libraries, respectively.
MAGIC can identify previously uncharacterized genetic
determinants of complex phenotypes, especially those having
synergistic interactions when perturbed to different expression
levels; for instance, the SIZ1i-NATI1a-PDRIi combination
exhibited cell growth under YPD medium with 30 mM furfural,
and HOC 1d-NUP157i improved yeast surface display
capacity of recombinant proteins by 3-fold.

In E. coliy a tractable, double-stranded DNA cassette
mediated homologous recombination strategy (TRMR) was
developed to modify the expression of >95% of E. coli genes in
a single day, and map thousands of genes affecting cell growth
in various media and with the growth inhibitors within 1
week.”” For example, through TRMR, the xylA up allele,
which causes overexpression of xylA and xyIB, was shown to
confer growth in the presence of D-fucose, a nonmetabolizable
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analog of arabinose that inhibits the ability of E. coli to use
arabinose as a carbon source. This also suggests that E. coli
xylose isomerase (encoded by xylA) may have in vivo L-
arabinose isomerase activity. In a related study, TRACE
(tracing combinatorial engineered libraries) enables the
simultaneous mapping of millions of combinatorially engi-
neered genomes at single-cell resolution.’”’ It was used to
identify genotype-to-phenotype correlations and track the
evolutionary trajectory of combinatorial mutations in E. coli.
For example, a six-site RBS library targeting membrane genes
was found via TRACE to influence isobutanol tolerance.

3.7. Insights on Natural Evolution Learned from Directed
Evolution

Directed evolution has been used as a tool to investigate
molecular evolution mechanisms and obtain new strategies and
guidance for performing efficient laboratory evolutionary
experiments.””"”> To gain insights on how evolution
influences protein stability and vice versa, Bershtein and co-
workers performed directed evolution on the TEM-1 p-
lactamase. They investigated how deleterious mutations and
epistatic effects changed the protein’s fitness landscape,
subjecting to random mutation drift and purifying to produce
changes in the fitness landscape. Using both computational
simulations and experimental analyses, they found that
robustness and epistasis are strongly correlated. Any protein
system with threshold robustness is inevitably epistatic,
meaning that if the stability threshold is exceeded, the protein
will become far less robust.”* The evolvability of proteins has
two contradicting elements: robustness and innovability, where
robustness refers to the ability of a protein to stay stable upon
mutation; and innovability refers to the introduction of new
function with mutations.””* To decipher the relationship
between these two conflicting characteristics, Dellus-Gur and
co-workers performed directed evolution on TEM-1 fS-
lactamase to obtain highly stabilized variants of TEM-1 and
showed that structural measures of fold polarity are correlated
with protein innovability. Upon investigating these variants
with new functions, they argued that highly functional variants
exhibit selective rigidification of the structural scaffold while
maintaining the conformation.®”®

Divergent and convergent evolution are two standard
processes of natural evolution. The former is when groups
from the same ancestor evolve to accumulate differences,
finally forming new species. By contrast, in the latter process,
different organisms independently evolve to adapt to the same
environment, resulting in similar phenotypic outcomes but
different genetic changes. Directed evolution can be used to
investigate evolutionary divergence and convergence at the
single protein level. For example, divergent evolutionary
trajectories that were hard to reconstruct in natural systems
were mimicked using the de novo designed bifunctional protein
Syn-IE.°”° Syn-IF is used to rescue two auxotrophic E. coli
variants: ilvAA and fesA. IlvA and Fes catalyze isoleucine
biosynthesis and iron assimilation, respectively. Directed
evolution of Syn-IF for fast rescued either AilvA or Afes
resulted in two monofunctional proteins that can rescue the
selected function with enhanced activity over the parent one,
but they lost the ability to rescue the unselected function.®”® In
another study, a de novo zinc-binding artificial peptide was
evolved to become a globular enzyme for easter cleavage.
Directed evolution converted the zinc ion from an essential
structural element into a catalytic cofactor.””” Convergency is

relatively easy to mimic by evolving different cell populations
under similar selection pressure.””® However, direct examina-
tion of convergency at the single-molecule level without
interference from the genomic background is challenging. Liu
and co-workers used PACE to directly investigate protein
evolutionary convergence and reproducibility in a continuous
format.”*> In this study, two independent T7 RNA
polymerases were first evolved divergently to recognize two
distinct intermediate promoters, and then evolved conver-
gently to the same promoter but with different phenotypic
activity. The different genotypes between the evolved
populations and specific epistatic interactions showed that
evolution is pathway-dependent and irreproducible; addition-
ally, stochasticity among populations under the same environ-
ment determined the final fitness optimum each population
could achieve.

Cryptic genetic variation plays an important role in adaptive
evolution. Phenotype has a certain tolerance to genetic
changes, resulting in several cryptic genetic variations that do
not have effects on phenotype under specific genetic and
environmental backgrounds but affect an organism’s evolu-
tionary behavior after genetic perturbations and environmental
changes.éog_612 To elucidate how cryptic genetic variation
affects adaptive evolution, Wagner and co-workers created
cryptic variation by randomly mutating a well-characterized
ribozyme while preserving its native function of RNA
phosphate bond cleavage. The resulting variants adapted
more rapidly to cleave RNA molecules containing a
phosphorothioate linkage than the population without cryptic
variation. Detailed sequence analysis revealed that cryptic
variations expanded the population’s genotypes in sequence
space, and that some of these were preadapted to a changing
environment.”’® Recently, they continued this study by
creating four parallel populations of yellow fluorescent proteins
(V©) with cryptic variations using directed evolution in E. coli.
Compared to those variants evolved from the wild-type (V°),
V¢ adapted about three times faster to produce variants with
green fluorescence, among which three showed significantly
greater green fluorescence. The study of genotypes and
accessibility of mutational paths revealed that V¢ evolved
adaptive genotypes with greater diversity and higher fitness
than V. The neutral or deleterious mutations in V© served as
stepping-stones, facilitating fitness valley crossing and further
evolving toward the new phenotype that cannot be accessed by
starting from V°.°'* The neutral drift strategy is similar to
creating cryptic genetic variants and has been widely used in
the directed evolution of proteins to access new reactiv-
ity 615616

Additivity or nonadditivity arises when more than one
mutation are introduced in a protein sequence, which plays an
important role in protein engineering. Early directed evolution
studies provided many examples of mutational additivity and it
is common to find that mutated residues are not in molecular
contact or are linked with different unrelated properties.”'” ="
Nonadditivity, on the other hand, is less common to be
addressed in the directed evolution study. Reetz and co-
workers elucidated the mutational nonadditivity that contrib-
utes to the efficiency of a given mutagenesis strategy.’*’ In one
of their studies, deconvolution of an engineered highly
stereoselective lipase PALmut (M16A, L17F, L162D) showed
that L162D and MI16A/L17F interacted in a strongly
cooperative nonadditive manner since both mutants with
L162D or M16A/L17F alone had very poor selectivity.”!
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Another comprehensive deconvolution study was conducted
on five sets of mutations obtained through ISM of the epoxide
hydrolase from Aspergillus niger. The free energy of interaction
AG#(i,j) between any two sets of mutations were calculated to
prove that nonadditivity, both cooperative and antagonistic,
are very common among different mutation pathways.">*
These studies uncovered that nonadditivity plays a crucial role
in the efficacy of ISM strategy.

4. CONCLUSION AND FUTURE PERSPECTIVES

Directed evolution has been successfully used to evolve
proteins with improved or novel functions in vitro. The
availability of comprehensive genetic diversification methods
enables the creation of a very diverse library of variants.
However, limited by the throughput of both library creation
and library screening/selection, only a small fraction of the
entire protein sequence space can be explored. The proper
starting point and mutation targets play key roles in
successfully obtaining the desired function within a practical
time scale in directed evolution experiments. The increased
pairing of rational design and directed evolution can potentially
allow researchers to predict beforehand the mutations that
would confer a desired function. Sophisticated knowledge of
protein structure, function, and dynamics will undoubtedly
assist the design of directed evolution experiments. Addition-
ally, recent advances in the development of sequence-based,
structure-based, MD-based, and machine learning-based
computational tools will facilitate the identification of the
beneficial mutations and accelerate the protein engineering
process by creating smaller but smarter libraries.’**

Of particular note, machine learning can be seamlessly
combined with directed evolution and we expect there will be
many new advances along this frontier. Benefited by the rapid
advances in DNA sequencing technologies, the amount of raw
amino acid sequence information is rising exponentially.
However, most of these sequencing data are unlabeled.
Current machine learning models are largely supervised,
which means that they are not able to utilize such unlabeled
sequencing data. However, the information embedded in the
unlabeled data is indeed helpful to applications such as protein
property prediction.'”” To take full advantage of unlabeled
sequence data, machine learning models trained in an
unsupervised manner are promising. Some attempts, such as
Unirep, have been proven effective and accurate for protein
engineering tasks when combined with a supervised top
model.'”” An alternative model, the transformer model, is
widely applied as a language model in natural language
processing tasks.”>* Due to the similarity between amino acid
sequences and natural language, the transformer model can be
used to embed protein sequences.'®> However, there is still
potential for improving accurate embedding of amino acid
sequences using uncharacterized sequences, as shown in the
benchmark studies.'”* Another significant aspect that is rarely
discussed is how to design the training data to maximize
prediction power. A recent massive parallel study demon-
strated that training data with varying sizes and diversity
resulted in different model performance and highlighted the
value of optimizing training data sets.”” Thus, the method-
ology for designing training data for machine learning-assisted
directed evolution remains for further investigation.

As emphasized several times, one of the biggest obstacles in
directed evolution is the development of a proper screening/
selection method. Thanks to tremendous efforts of scientists in

the past decades, fast development of screening/selection
methods has become possible. As a result, the chances of
obtaining a variant with the desired properties are greatly
enhanced. However, current screening/selection methods still
have limitations that need to be addressed. Display-based
selections are mostly limited to selecting binding proteins,
while in vivo and in vitro compartmentalization methods are
not suitable for phenotyping enzymes with conditions that are
incompatible for both transcription-translation and selec-
tion.”®" On the other hand, some screening methods such as
microtiter plates suffer from laborious, time-consuming sample
preparation and generally low throughput. Although FACS
shows extremely high sensitivity and throughput, the target
enzyme must be coupled with a fluorescent protein for
phenotyping. Ultrahigh-throughput droplet microfluidics im-
proves the efficiency of directed evolution and enables the
potential of finding rare targets among a large library.
However, most droplet sorters use fluorescence or absorbance
signals as the readout, which has limitations.

To tackle this key limitation, development of new
technologies and the interplay between different advanced
techniques such as automation and MS-based screening will be
necessary to further improve assay creation, sample prepara-
tion, variant measurements, and data analysis. Automation can
be applied at different stages in directed evolution to reduce
cost and time, thus improving throughput. Robotic liquid
handling approaches based on pipet tips,”**®*” pins,"** inkjet,
and acoustic deposition®*”**" have been applied to accelerate
assay setup and sample preparation. Moreover, during
screening/selection, automated introduction of samples into
a mass spectrometer enables substantial improvements in
analytic throughput. A single-probe autosampler is now a
standard component for most GC-MS and LC-MS instru-
mentation for automatic flow injection, and multiprobe
autosamplers have also been developed.”’’ The RapidFire
system632’633 automates sample aspiration, solid-phase-extrac-
tion, and ESI-MS injection stegs to achieve a cycling time of
~10 s. The NanoMate system®>*®** automates direct sample
infusion from a 96-well plate to a chip-based nanoESI source.
Besides automation, several sample preparation techniques and
mass spectrometers can be coupled together to increase
throughput, accuracy, and/or resolution of an analysis durin,
directed evolution. An ESI source can be linked with LC,*
CE,*” direct infusion,”***** or desorption/ionization ap-
proaches to improve efficiency. Tandem MS®*’ and triple
quadrupole (QQ( 1 MS are generally used for targets
fragmentation and quantitation, respectively. Ion cyclotron
resonance (ICR)*** and orbitralp643 mass analyzers are known
for their superior mass accuracy with a resolution above
100,000 dots per inch. All these features can be potentially
used for directed evolution to increase the chances of finding
the desired target. However, special, yet expensive instrumen-
tation, well-trained technicians, and bioinformatic pipelines are
required to set up MS-based protein assays and interpret
complex data sets. Typically, baseline correction, noise
reduction, spectral alignment, and normalization are imple-
mented to reduce variation from sample preparation, technical
instrumental errors, or random human errors.”** User friendly
web-front interfaces such as microMS$®** or OpenMS®*® can be
potentially used for quick preliminary analysis of data obtained
from rounds of directed evolution.

Similarly, continuous evolution can overcome previous key
limitations in directed evolution. Continuous evolution has
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advantages over traditional directed evolution strategies
because it operates without human intervention and can
uncover more complex fitness landscapes. Although many
targeted in vivo gene diversification methods have been
developed in both prokaryotes and eukaryotes, the application
of continuous evolution methods for improving phenotypes
unrelated to cell growth is still rare. Moreover, it remains an
overwhelming challenge to adapt existing continuous evolution
methods for new target proteins, pathways, and genomes. One
potential strategy to address this limitation is to integrate
traditional directed evolution with automation and machine
learning.”*’ Automation can expedite directed evolution and
provide data sets at a capacity that cannot be achieved
manually.””" However, automation alone is not enough to
realize continuous evolution. The data generated from
automated experiments can train and refine machine learning
models that can, in turn, automatically predict beneficial
mutations and guide the design of evolution experiments. In
principle, the resulting fully closed “design-build-test-learn”
cycle would enable directed evolution of any gene, pathway, or
genome in a continuous manner.

In conclusion, directed evolution has been widely used to
engineer nucleic acids, proteins, genetic circuits, biochemical
pathways, and whole genomes with new or improved functions
for basic and applied biological and medical research. With
recent advances in sophisticated in vivo gene diversification
methods, comprehensive high-throughput screening and
automation platforms, and advanced computational design
and machine learning tools, directed evolution is entering a
new era to create more possibilities by revealing the secrets of
natural evolution, biomolecular structure—function relation-
ships, genotype-phenotype relationships, and engineering
useful biological systems with a plethora of applications in
the energy, chemical, pharmaceutical, agriculture, and food
industries.
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