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Abstract: Directed evolution is a powerful tool for engineering protein function. The process of

directed evolution involves iterative rounds of sequence diversification followed by assaying activ-

ity of variants and selection. The range of sequence variants and linked activities generated in the
course of an evolution are a rich information source for investigating relationships between

sequence and function. Key residue positions determining protein function, combinatorial contribu-

tors to activity and even potential functional mechanisms have been revealed in directed evolu-
tions. The recent application of high throughput sequencing substantially increases the information

that can be retrieved from directed evolution experiments. Combined with computational analysis

this additional sequence information has allowed high-resolution analysis of individual residue
contributions to activity. These developments promise to significantly enhance the depth of insight

that experimental evolution provides into mechanisms of protein function.

Keywords: directed evolution; evolution; protein function; protein sequence; next generation

sequencing; high throughput sequencing; mutation

Summary Statement

Understanding how proteins work will allow us to

better modify and re-design these biomolecules for

use in biotechnology and medicine. Here we review

the method of experimental evolution as a way to

probe how the amino acid sequence of a protein

determines its activity. We highlight the application

of new next generation sequencing technologies,

which are beginning to improve the breadth and

depth of insights gained from these evolution

studies.

Introduction

Directed evolution is one of the most effective strat-

egies currently available for modifying functional

activities of proteins.1–3 Although most directed

evolution studies have been aimed at creating or

modifying protein function, this approach can also

provide significant insights into fundamental

aspects of protein binding, enzyme catalysis and

structure–function relationships. The key residues

in the protein that determine its activity, combina-

torial effects of different residues and mechanistic

insights can all be revealed in a directed evolution
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experiment. Importantly, this does not require

knowledge of the structure of the protein. Where

structure is available, directed evolution provides

deeper mechanistic insight and additional informa-

tion. As well as contributing to understanding

of fundamental aspects of protein function, the

sequence–function relationships revealed by directed

evolution studies have valuable practical applica-

tions. For example, the identification of activity-

determining residue positions in a protein could

permit the design of more focused libraries to

improve the success of evolutionary-based engineer-

ing of that protein. Similarly, definition of stability-

determining sequence positions would be valuable

for engineering more stable protein variants for ther-

apeutic and industrial applications. Recent advances

in high throughput sequencing (HTS) technologies

are now set to change the quality and depth of infor-

mation that we can access in an evolution and make

directed evolution an even more powerful approach

for probing the molecular basis of protein function

and contributing to our ability to map sequence to

function.

Directed Evolution

Directed evolution recapitulates features of natural

evolution but on a much shorter timescale and

under a selection regime designed to produce a pre-

defined outcome. Here we focus on how directed evo-

lution can provide insights into sequence-function

relationships and therefore we only provide a brief

outline of the general principle of directed evolution.

Detailed discussions of directed evolution methodol-

ogy are available in several excellent recent reviews,

including.3–6 The basic format of a directed evolution

involves creating a library of random mutants

encoding the protein of interest, expressing that

library and selecting mutants exhibiting any

enhancement towards the desired activity. These

mutants are then used to generate a further mutant

library, thus adding additional mutations to those

already showing some desirable phenotype, and the

library is again screened for improvement. Cycles of

selection followed by further mutation are repeated,

leading to the accumulation of combinations of

mutations that result in the final phenotype3,7 (Fig.

1). Directed evolution experiments commonly select

for either quantitative improvement in an activity,

such as increased binding affinity or improved

enzyme stability, or a qualitative change in activity,

such as the ability to catalyze conversion of a novel

substrate by an enzyme. However, even an apparent

qualitative change usually reflects a quantitative

change in an existing activity, as evolution of a func-

tion normally requires at least some baseline level of

that activity as a starting point.8,9 Phenotypes gen-

erated in an evolution therefore generally comprise

of a diverse spectrum of quantitative variations of

the activity being selected for.

Practically, directed evolution experiments

require some way of generating a mutant DNA or

RNA library, together with an expression and assay

system that permits selection for the activity of

interest, whilst retaining the link between the

activity and the nucleotide sequence encoding it.

Error prone PCR, DNA shuffling and various gene

synthesis strategies are among the methods com-

monly used to generate mutant libraries for evolu-

tion.2,3,5 Expression and assay/selection methods

that provide sufficient throughput to interrogate

these libraries and retain the link to encoding

nucleotides, include display technologies such as

phage and ribosome display10,11 and cell surface

display systems, for example yeast display that per-

mit expression and selection of some complex

proteins.12,13 Other systems include in vitro com-

partmentalization which employs aqueous droplets

in oil for expression and can be used together with

a range of different selection methods.14,15 Some

directed evolution technologies combine mutagene-

sis and expression systems, by utilizing for instance

immune B cells to perform in-cell mutagenesis and

expression16,17 for facile evolution of complex mam-

malian proteins.18

The power of directed evolution to uncover

sequence-function relationships and mechanistic

Figure 1. Sequence variants in a directed evolution. A sche-

matic representation of sequence variants over four cycles of

diversification and selection in a directed evolution. A simple

8-residue sequence is depicted with each residue indicated

by a coloured circle. Wild-type residues are indicated in

green and different substitute residues by other colours. At

each iteration variants with the highest activity are selected

(dashed ellipses) and used as a starting population for the

next round of mutagenesis allowing additional mutations and

further re-sampling of substituted positions. Some mutations

(black circles) will be deleterious and decrease or ablate

activity. As the evolution progresses positions 3 and 6 are

revealed as key activity-determining residues. For simplicity

and clarity only a very small fraction of possible variants are

shown.
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insights is rooted in the range of sequence variants

and their linked activity phenotypes that are

explored in the course of the evolution. Ideally, to

maximize the probability of identifying sequences

with improved activity each amino acid position in

the sequence is individually substituted with all

alternative residues. Of course, in practice experi-

ments usually fall short of testing a full mutational

spectrum at every position. However, in a well-

designed evolution most of the sequence positions

that the experiment is aimed at exploring are

sampled with at least some degree of amino acid

diversity. Any sequence with improved activity is

retained during selection and at the next iteration

the sequence is re-scanned for additional positions

where substitution can improve activity. Even posi-

tions producing desirable activities are re-sampled

with alternative residues as the evolution pro-

gresses, allowing combinations of residue positions

to be explored and optimized (Fig. 1). Within a

directed evolution experiment there is therefore

information about the effect that each sequence posi-

tion has on that protein’s function, how the nature

of the residue at that position affects function, and

the way residues work in combination to modulate

function. Such information can provide deep insights

into how sequence determines functional activity for

a protein.

Identification of Activity-Modulating Residues

Although most directed evolution studies have

focused on modifying protein activity, these evolutions

have also often revealed key activity-determining res-

idues. For such studies key sites of mutation are usu-

ally revealed by comparing evolved variants with

wild-type sequence. Accumulation of mutations at

specific residue positions associated with the changed

activity implicates these positions as important for

that activity. Activity-changing mutations may be

revealed as positions where the wild-type residue is

substituted by a number of different residues across

the variants, or it may be as a position where all or

many of the variants have the same residue substi-

tuted in place of the one in the wild-type protein.

There are many diverse examples of key functional

residues being revealed by directed evolution, includ-

ing identification of the residues determining thermal

stability and catalytic activity of alkaline phosphatase

from the cryophile Antarctic strain TAB5,19 residue

positions mediating the binding of T cell receptors to

toxic shock syndrome toxin-1,20 and residues involved

in the catalytic activity of serum paraoxonases.21

Identification of key activity-determining residues by

directed evolution can allow more targeted subse-

quent investigation of sequence-function relation-

ships. For example combining previous findings from

directed evolution21 with structural information and

computer simulations has provided fundamental

insights into mechanisms regulating activity and sta-

bility of the lipophilic lactonase paraoxonase-1, with

important wider implications for other membrane-

associated enzymes.22

Whilst directed evolution experiments reveal

key activity-determining residues there are some

instances where additional non activity-modulating

positions also appear as mutated positions within

the selected population, giving rise to a false positive

background. An example of this is the six residue

positions initially identified during a directed evolu-

tion of a lipase from Pseudomonas aeruginosa for

enantioselectivity.23 Subsequent theoretical and

experimental analysis of these mutations revealed

that just two of these residue positions in fact con-

tribute to the change in enantioselectivity.24,25 Test-

ing the effects of each of the substitutions in the

finally selected variants is one way by which false

positives can be identified and discounted. However,

as discussed below, the availability of more compre-

hensive sequencing data allows true activity-

determining positions to be discriminated from false

positives.

In any directed evolution there are usually sev-

eral different parameters that can be selected for.

For an enzyme these might include catalytic activity,

substrate binding, or stability, and for a binding pro-

tein on-rate, off-rate, affinity, or selectivity. Residues

found to modulate one aspect of an activity may or

may not be relevant to other aspects of that activity.

Residues modifying binding off-rates, for instance,

would be expected to influence affinity,26 if they do

not proportionally affect on-rate. In contrast,

because the relationship between binding affinity

and selectivity is complex, residue positions affecting

binding affinity for one partner could have widely

differing effects on binding selectivity depending on

the protein. This is illustrated in a study with cal-

modulin where modifying residues at the calmodulin

binding interface to increase affinity for CaMKII

results in both increased affinity for CamKII but

dramatically decreased affinity for another calmodu-

lin partner, calcineurin, thus increasing affinity for

one partner and enhancing selectivity.27 Conversely,

directed evolution of the quorum sensing protein

LuxR (an acyl-homoserine lactone-dependent tran-

scriptional activator) produced variants with

increased affinity for cognate and some non-cognate

acyl-homoserine lactones, simultaneously increasing

affinity and decreasing selectivity.28 Residues identi-

fied as activity-determining in an evolution experi-

ment therefore are relevant to the specific activity

selected for, but not necessarily to other, albeit

related, activities.

Combinatorial Contributions to Function
Multiple residues commonly work in combination to

contribute both directly and indirectly to protein
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activity. Combinations of key residues can partici-

pate directly in function by contributing to binding

energy or catalytic activity, or indirectly by influenc-

ing either the access to or the conformation of the

functional interface. Where two or more residues

contribute to activity they may do this independ-

ently of each other or they may work together such

that their combined effect on activity is greater than

the sum of each of the individual contributions.29

Such non-additive combinatorial effects, often called

epistatic, can be synergistic or antagonistic.29 For

example, mutational analysis of binding between the

monoclonal antibody mAb164 and the TrpB2 subunit

of E. coli tryptophan synthase reveals that the com-

bination of residues V276 and K283 together con-

tribute more binding energy than the sum of

binding energies contributed by each of these resi-

dues individually.30 In another study, directed evolu-

tion was used to modify the binding specificity of a

receptor and identified a phenylalanine at the center

of the binding interface and an arginine and histi-

dine pair at the periphery as important in selective

binding to one of the receptor’s ligands.18 Modifying

the phenylalanine alone did not affect binding to

any ligand and modifying the arginine and histidine

completely abolished binding to all ligands, however,

in combination the changes caused selective binding

to one ligand. Understanding the mechanism of a

binding interaction or catalytic activity therefore

requires not only definition of the key binding posi-

tions but also how these positions work together in

determining functional activity.

Where structural data are available it is possi-

ble to probe residues at the functional interface for

their contribution to catalytic activity or binding.

One method frequently employed for this purpose is

alanine scanning, which entails replacing each resi-

due under consideration with alanine and testing for

complete or partial loss of activity indicating that

the residue position contributes to activity.31 In the

simplest case, where several interface residues inde-

pendently contribute binding energy to an interac-

tion or catalytic activity, and there is no synergy or

antagonism between positions, alanine scanning can

reveal the contribution of each residue.31 However,

even with structural information alanine scanning

can be very difficult where contributions to activity

are non-additive between contributing residues, and

synergy or antagonism exists between positions. In

such cases the number of different alanine mutants

that have to be expressed, purified and assayed to

test all possible combinations of residues can become

unmanageable.

In contrast to alanine scanning, directed evolu-

tion reveals both additive and non-additive contribu-

tors to activity. This ability is afforded by the

iterative process of mutation and selection that acts

to screen large numbers of different combinations of

mutations resulting in accumulation of the muta-

tions that act together to change activity. Residue

positions contributing to activity are usually inferred

by inspection of wild-type and evolved sequences.

Where there are two or more positions mutated in

the evolved sequences this indicates these combina-

tions of positions are activity-determining, though it

does not reveal whether the combinations contribute

independently or in a non-additive manner. How-

ever, during the evolution a wide range of different

combinations of mutants are produced and tested

through rounds of selection and further diversifica-

tion. Such experiments therefore contain informa-

tion on which combinations of sequence positions

affect activity and any potential relationships

between residue positions. As discussed below, the

ability to sequence large numbers of variants, both

intermediates generated during the evolution and

final evolved variants, together with computational

analysis tools will help to better identify combinato-

rial contributors to function and provide more infor-

mation about how these residues work together.

Improving the Ability of Directed Evolution to

Probe Sequence-Function Relationships

A well designed directed evolution will test the activ-

ity and then select from millions of different

sequence variants encompassing a wide range of

substitutions at many residue positions in the

sequence and many different combinations of

mutated residues within sequences. This provides

an unrivalled opportunity to map extensive sequence

variations to functional activities. Due to sequencing

limitations only a few variants, usually from later

stages in the evolution process, have commonly been

sequenced in the majority of directed evolution

experiments to date. In such studies, mutations

occurring most often in the selected variants that

have been sequenced are assumed to be the key

activity-determining mutations, and these are often

confirmed experimentally. The availability of HTS

technologies now opens up the possibility of sequenc-

ing any number of variants selected at each itera-

tion of the evolution to substantially enhance the

depth and breadth of insight directed evolution can

provide into the basis of protein function. Specifi-

cally, such data allow more accurate identification of

the true activity-determining sequence positions,

investigation of covariation between residue posi-

tions involved in combinatorial contributions to

activity, and helps in revealing mechanistic insight

(Fig. 2).

HTS is being applied to a growing number of

mutational studies. An early example was next gen-

eration sequencing of variants selected for specific

binding from a single chain variable fragment (scFv)

library displayed on phage.32This allowed the evolu-

tion of scFv’s to be followed as the library was
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enriched for binders and revealed the most abun-

dant mutants as positive binders.32 In another

study, HTS was applied to peptides selected from

phage-display libraries for binding to 22 different

evolved PDZ domains, in order to identify specificity

determinants in PDZ-peptide binding.33 An impor-

tant development in the HTS approach to muta-

tional studies was introduced by Fowler et al.34 who

sequenced not just the selected variants from a

mutational screen but also the original starting

library. This provides a means for correcting appa-

rent preferences in mutation in the selected popula-

tion for any biases in the starting population. In

Fowlers study a mutant library of the WW domain

of human YAP65 was created and displayed on

phage allowing selection of variants that retain their

ability to bind the WW domain cognate peptide

ligand. HTS of starting and selected populations and

analysis for enrichment or loss of variants generated

a map of mutational tolerance of each residue posi-

tion in the domain.34 The approach of HTS and com-

parative analysis in mutational studies of protein

function has been developed and extended in the

last few years35–37 and recently termed deep muta-

tional scanning.38

Whilst inference of key functional residues by

comparing wild-type and selected sequences has

been successful in numerous directed evolution stud-

ies, the availability of more comprehensive sequenc-

ing data significantly enhances the ability of such

studies to identify the true activity-determining resi-

due positions. Sequence positions contributing to

function only tolerate a limited range of residue

types, dictated by the functional mechanism. Meas-

uring the ability of each sequence position to accom-

modate alternative amino acids and still retain or

improve activity therefore is a powerful way to iden-

tify positions important for function. These data can

be accessed by sequencing of the variants in the

starting library and those variants selected for a

maintained or improved activity at each iteration of

the evolution, or even selected and final iterations.

These HTS data can be analysed for the frequency

of different substitutions at each position in starting

and selected populations. Sites that will tolerate

only a limited range of different residues whilst

retaining/improving activity will have the lowest

ratio of substitution frequency in selected versus

starting population, indicating these positions to be

important for activity. This type of approach has

been used to identify important functional residues

in families of naturally evolved proteins39 and, lat-

terly, in analysis of deep mutational scanning

data34,38. A recent directed evolution aimed at

exploring the residues mediating stability and fold-

ing of human IgG-Fc illustrates the power of HTS

and quantitative analysis methods.40 By employing

careful experimental design to discriminate the

function under consideration from binding effects,

this study used the ability of residue positions to tol-

erate substitution in order to generate a high-

resolution map of the involvement of each residue in

determining stability and folding across a whole pro-

tein domain.41

Quantitative analysis of sequencing data from

evolutions also helps discriminate true activity-

determining residue positions from false-positives.

This is possible as neutral substitutions would not

be specifically enriched in selected populations to

the same extent as true activity-determining substi-

tutions. The frequency of substitution at neutral

sites therefore do not decrease in selected popula-

tions to the same extent as that seen with true

activity-determining sites, providing a quantitative

means to discriminate true- from false-positives.

Most analyses of HTS applied to directed evolu-

tion and other mutational studies have focused on

identification of key activity-determining residues

and mapping mutational tolerance. However, this

sequencing data also provides possibilities for uncov-

ering epistatic interactions between residues and

even mechanistic insight (Fig. 2). Analysis of cova-

riation of residues between different sequences as

Figure 2. Application of HTS to directed evolution reveals

sequence-function relationships. Schematic representation of

four cycles of target gene diversification, assay and selection

followed by sequencing of variant populations. The dashed

ellipses denote selections at each indicated iteration. Simpli-

fied sequences are shown indicating the combination of resi-

due positions 3 and 6 emerging as activity–determining

positions. Different combinations of substitutions at positions

3 and 6 produce different activities and these positions can

contribute synergistically to activity. After identifying the key

residue positions, sequence data can be re-interrogated for

relationships between activity and the specific combinations

of substitutions at these positions. In addition, how the type

of amino acid at the key positions affects activity can be

retrieved, and this has the potential to suggest a functional

mechanism. Wild-type residues are indicated in green and

different substitute residues by other colours. For simplicity

and clarity only a very small fraction of possible variants are

shown.
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well as within a sequence is already performed in

evolutionarily related protein families and provides

a way to identify functionally important residues

acting in combination to influence stability, struc-

ture, binding and catalytic activities.42–44 Substitu-

tions at functionally interacting residues are

mutually constrained and this covariation pattern is

evident in sequence variants.45–48 Covariation analy-

sis focused on the activity-determining residues at

each iteration of a directed evolution experiment

could therefore be used to uncover mutually con-

strained co-evolving residues within sequences and

permit analysis of relationships between changes at

each of the contributing residues and functional

activities. There are a number of computational

approaches used for detecting covarying residues

from groups of related sequences, for example

mutual information, statistical coupling analysis and

direct coupling analysis scoring metrics,44,49 which

could be applied to data from experimental

evolutions.

It is also possible that with more comprehensive

sequencing data and appropriate analysis directed

evolution experiments could more readily reveal

mechanistic insights. The change in activity of a pro-

tein as it progresses from wild-type to finally

selected activity in a directed evolution can encom-

pass a substantial range of functional variants. For

example, the affinity of a protein for a partner can

change over several orders of magnitude in a

directed evolution for improved binding.50,51 The

availability of a range of sequential phenotypic

activities can provide an opportunity to explore how

the physicochemical nature (size, charge etc) of the

various substitutions at each of the residue positions

that have been identified as being important corre-

late with activity. This will require analysis of the

sequence data from the evolution for how amino acid

properties at the (finally identified) key positions

correlate with activity. Such relationships will be

valuable for constructing mechanistic models for fur-

ther testing.

Conclusions
Whilst directed evolution is undoubtedly a powerful

technology for generating modified protein activities,

it also has enormous potential for revealing deep

insights into the mechanisms by which proteins

work. Interrogation of protein sequence and function

using directed evolution can provide insight not

available using other biochemical, biophysical or

structural approaches.

Indeed, even relatively simple laboratory evolu-

tions have already revealed key residues important

in binding, combinatorial contributions to binding

and have provided mechanistic models for testing

for a number of proteins. However, there is an enor-

mous information content inherent in the range of

mutant variants and functional activities generated

in a directed evolution experiment. Access to this

information has previously been restricted by factors

such as limitations in sequencing ability. High-

throughput sequencing technologies and coupling of

sequences to functional activities now allows

researchers to use directed evolution directly to

probe sequence-function relationships and functional

mechanisms more comprehensively and to a much

deeper level than previously possible. In order to

maximize the utility of the data generated in such

experiments it will be necessary to adapt and

develop computational tools for analysis of relation-

ships between residue positions, residue properties

and functional activities.
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