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Recent developments have been made in the application of

directed evolution to achieve the efficient heterologous

expression of proteins in Escherichia coli and yeast by

increasing the stability and solubility of the protein in the

host environment. One interesting conclusion that emerges

is that the evolutionary process often improves the stability

and solubility of an intermediate (apoprotein, proprotein or

folding intermediate) that otherwise constitutes a bottleneck

to functional expression, rather than altering the protein’s

final state.
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Introduction
Expressing high levels of stable and functional proteins

remains the bottleneck of many scientific and biotechno-

logical endeavors, including the determination of struc-

tures in a high-throughput fashion, the design, engineering

and directed evolution of tailor-made proteins, and the

metabolic engineering of bacteria [1]. In fact, data from a

sample of more than 200 non-membrane genes from one

bacterium species indicate that 50% of the genes will

require further optimization to obtain soluble or stable

proteins for crystallization [1,2].

Conventional approaches to the production of soluble and

active proteins in heterologous expression systems

include low-temperature expression, promoters with dif-

ferent strengths, modified growth media and a variety of

solubility-enhancing fusion tags (reviewed in [3,4,5�,6]).

More recently, a series of vectors and fusion partners

that can be screened for high-level functional expression

of a target protein have been developed [1]. These

approaches are often successful, as are some engineering

approaches (see also Update) but, at the end of the day,
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they cannot modify the intrinsic properties of the protein.

Thus, even when a soluble fraction of the protein is

obtained, the protein may still be inactive or aggregate

during purification and storage.

An alternative to expression optimization is protein engi-

neering by rational design (reviewed in [7]). There are

now several examples of proteins that have been stab-

ilized by the introduction of mutations with small

yet cumulative stabilizing effects [8–11]. It is largely

unknown, however, how the stability of a protein is

encoded in its sequence and how individual amino acid

changes contribute to stability [12], not to mention that

most of the interesting targets of structural and mechan-

istic studies are obviously of unknown structure and are

therefore not amenable to rational design.

Directed evolution of proteins
In the past several years, directed evolution has emerged

as an alternative approach to rational design, enabling

the improvement of structural and functional properties,

such as stability and performance under different con-

ditions (e.g. at extreme temperatures and pH, and in

organic co-solvents), or changes in their reaction and

substrate specificity [13]. Rather than designing a lim-

ited number of site-directed mutants, directed evolution

implements an iterative Darwinian optimization process,

whereby the fittest variants are selected from an ensem-

ble of random mutations. Improved variants are ident-

ified by screening or selection for the properties of

interest and their encoding genes are then used as parent

genes for the following round of evolution. This

approach has proven particularly advantageous in cases

in which prior knowledge of the protein’s structure or

mechanism was not available [14�]. A radical example of

the power of the ‘blind watchmaker’ is the selection of a

novel ADP- and zinc-binding fold from a library of

completely random polypeptide sequences [15,16�].
Even in cases in which the structure of the protein

was known, directed evolution has provided combina-

tions of mutations that would not have been deduced

from phylogenetic comparisons or from structural anal-

yses (e.g. [12]).

This review addresses the literature of the past two years

(for an earlier review, see [17]), and focuses on the

application of directed evolution to achieve the efficient

heterologous expression of proteins in Escherichia coli and

yeast by increasing the stability and solubility of the

protein in the host environment (Table 1) (for reviews

on related issues, see [17,18]).
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Table 1

Recent examples of directed evolution for heterologous expression, solubility or stabilitya.

Target protein Library origin Screening system Resultsb Refs

Property Improvement

1. Anti-hag scFv EP/DS Ribosome display with

translation and

binding steps under

reducing conditions

Functional

cytoplasmic

expression and

chemical stability

200- to 400-fold

higher expression;

increase in urea

denaturation

midpoint from

4.1 M to 5.0 M.

[45]

2. Cold shock protein

from Bacillus subtilis

Six positions

diversified

by SM

Stability to proteolytic

digestion and

GdmCl-induced unfolding,

fd phage library.

Thermal stability 22 8C higher TM

(from mesophile

to thermophile)

[12]

3. Galactose oxidase

from fungi

EP/StEP Liquid bacterial cultures,

assayed for native

enzymatic activity

Functional

expression,

long-term stability

(residual activity

in presence of CuSO4

and catalase).

18-fold, 60%

higher long-term

stability and twofold

higher kcat/KM

[46]

4. Human cytochrome

P450 (1A2) and

bacterial 450 (BM3)

SHIPREC

(16% homology)

CAT preselection and

screening of colonies

with 1A2’s substrate

Functional

expression

From <1.5% to

14% soluble

protein in the

cytosolic fraction.

[26]

5. N-carbamyl-D-amino

acid amidohydrolase

from Agrobacterium

tumefaciens

DS Filter screening of colonies for

native activity after incubation

at high temperature or with

oxidizing reagent

Thermal and

oxidative stability

(residual activity

after heat or

oxidizer).

8-fold (incubation

at 70 8C) and

16-fold (incubation

with H2O2)

[47]

6. Methyl transferase,

NDP-K and tartrate

dehydratase b from

P. aerophilum

DS Fluorescence screening of

E. coli colonies displaying

correctly folded protein

(GFP reporter)

Functional

expression

From insoluble

to 50–95%

soluble expression.

Crystal structure

determination

for NDP-K.

[24�]

7. Barnase from Bacillus

amyloliquefaciens

17 positions

diversified by

oligonucleotide

assembly.

Proteolytic selection by

phage display,

affinity selection

for binding to ligand.

Thermodynamic

stability (free

energy of folding)

Similar or lower

than wild-type

barnase

[48]

8. Laccase from

Myceliophthora

thermophila (MtL)

EP/in vivo shuffling

in yeast/in vivo gap

repair/StEP.

Screening yeast cultures for

native enzymatic activity

Functional

expression

8–9-fold higher

expression and

15–30-fold higher kcat.

[19�]

9. GlcDH from Bacillus

species

FS of three wild-type

genes and one

improved mutant

Filter-based screening and

selection for enzymatic

activity after incubation

at high temperature.

Thermal stability

in the absence

of NaCl

415-fold higher

t1/2 at high

temperature (66 8C)

[38]

10. Mammalian serum

PON1

FS of four

mammalian

PON1 genes/DS

Agar colony screens

for a promiscuous

esterase activity

Functional

expression

>100-fold in

soluble active

protein.

[14�,39�]

Crystal structure

determination of the

first PON family member.

11. Lipase B from

Candida antarctica

In vitro and in vivo

FS with two

thermostable

bacterial lipases B.

Screening yeast

cultures for native

enzymatic activity at

ambient temperature.

Thermal

stability

and activity

12-fold higher

t1/2 at 45 8C,

11% higher Tm,

16-fold higher kcat/KM.

[49]

12. Phosphotriesterase

from Pseudomonas

diminuta (PTE)

EP or BA/DS Agar colony screens

for a promiscuous

esterase activity

Functional

expression

�20-fold higher

content in soluble fraction,

owing to increased

stability of the apoenzyme

(c)

aThe examples shown (in chronological order) use established methods of sequence diversification in either isolation or combination:

error-prone PCR (EP); base-analogue-induced mutagenesis (BA); saturation mutagenesis (SM); DNA shuffling (DS); family shuffling (FS);

staggered extension process (StEP); sequence-homology-independent protein recombination (SHIPREC). bNote that the varying property

was not part of the screen or selection in some cases. The improvement factor is based on the best clone(s) reported in terms of

functional expression, stability or solubility. cC Roodveldt, DS Tawfik, unpublished.
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Directed evolution for heterologous
expression – the methodology
Heterologous expression is performed primarily in E. coli,
although yeast and insect cells are becoming increasingly

popular, particularly for eukaryotic proteins that require

post-translational processing. Considering transformation

efficiency, stability of plasmid DNA and growth rate,

E. coli and Saccharomyces cerevisiae are also best suited

for directed evolution experiments [19�].

Directed evolution in the laboratory, like natural evolu-

tion, involves two key steps: generation of genetic diver-

sity and selection for function. In the laboratory, diversity

in the gene of interest is typically created by random

mutagenesis using a variety of methods based on error-

prone DNA replication and chemical mutagenesis, or by

homologous recombination of closely related genes using

a process called family shuffling (for recent reviews, see

[20–22]). Whereas methods of creating genetic diversity

are generally applicable, the selection system needs to be

tailored, or modified, for each target protein and aim — a

selection for higher expression may not be suitable for

altering substrate selectivity and vice versa. Broadly

speaking, screening or selecting for heterologous expres-

sion can be done in two ways: screening/selecting for the

activity of a reporter protein, or screening/selecting for the

protein’s own function. Particular examples of both

approaches are discussed below.

A variety of generic ‘C-fusion’ approaches have been

developed that rely on expression of the target protein

as an N-terminal fusion to a reporter protein with a

selectable function. An insoluble target protein leads to

the aggregation of the reporter protein and loss of its

function [17]. As an example, colonies overexpressing

green fluorescent protein (GFP) fused to a soluble protein

can be easily distinguished owing to GFP folding and

fluorophore formation; colonies expressing an insoluble

protein do not fluoresce [23,24�] (Table 1, entry 6).

Another generally applicable method relies on chloram-

phenicol acetyltransferase (CAT) fusion, whereby selec-

tion for solubility of the target protein is performed by

antibiotic resistance [25]. Using this methodology, Arnold

and co-workers [26] converted membrane-associated

insoluble human P450 cytochrome (1A2) into a fairly

soluble protein by recombination of 1A2 with a distant

bacterial homologue (Table 1, entry 4). The resulting

library of hybrid proteins was first selected by fusion to

CAT, to isolate all in-frame and correctly folded variants.

A subsequent screen for active enzyme variants was

performed with a fluorogenic P450 substrate.

In the b-galactosidase complementation assay, a small,

approximately 50 amino acid a-fragment is fused to the C

terminus of the target protein, restoring — in those cases

in which the target protein remains soluble — the b-
Current Opinion in Structural Biology 2005, 15:50–56
galactosidase activity of a truncated lacZ form (lacZ-V) by

complementation in trans [27]. Other potentially generic

methodologies are based on screening by cellular stress

responses to misfolded proteins [28,29], ‘proteolytic

selection’ by phage display [30] or ‘protein stability

increased by directed evolution’ (Proside) [31]; the last

two technologies are based on the principle that infec-

tivity of the phage is coupled to protease resistance of the

protein variants. This assumption in turn relies on the

observation that proteolysis resistance can be used as a

marker of foldedness [32]. Because the C-fusion techni-

ques do not depend on the function of the target protein,

they are generally applicable and particularly advanta-

geous when attempting to evolve new folds or when the

target protein has no assigned function. However, a

screen for soluble expression can turn into a major draw-

back. The blind fashion in which evolution acts (‘you get

what you select for’ is the first rule of directed evolution

[33]) implies that selection for soluble expression may be

accompanied by significant changes in activity that may

even render the soluble protein non-functional [24]. To

drive the selection of soluble and stable variants without

compromising the protein’s functional properties, the

selection system must be based on the protein’s own

activity. A large variety of assays are available for screening

enzyme libraries [34–37]. Indeed, functional assays have

been used in several cases. As an example, Baik et al. [38]

have evolved glucose dehydrogenase (GlcDH), obtaining

a 400-fold increase in thermal stability by screening a

library generated by family shuffling for the enzyme’s

activity (Table 1, entry 9). Several other examples are

listed in Table 1 (entries 1, 3–5, 7–12) (see also Update).

Directed evolution for heterologous
expression – recent examples
Recent examples of directed evolution for heterologous

expression illustrate the power and versatility of this

approach in facilitating structural and mechanistic studies.

Directed evolution has thus far been the key to crystal-

lizing two structures of general interest: a hyperthermo-

philic nucleotide diphosphate kinase (NDP-K) [24�] and

the first PON family member [39�]. Using a GFP C-fusion

screen, Waldo and co-workers [24�] evolved the essen-

tially insoluble NDP-K from Pyrobaculum aerophilum into

a 90% soluble and active variant that enabled the deter-

mination of its crystal structure (Table 1, entry 6).

Serum paraoxonases (PONs) represent a particularly

interesting target for directed evolution. PONs comprise

a family of enzymes that play a key role in organopho-

sphate detoxification and in preventing atherosclerosis.

PONs are widespread in mammals and other vertebrates,

as well as in invertebrates. Three subfamilies of PONs are

known (PON1–3) and show approximately 60% sequence

homology; however, the structure of not a single family

member was known before the directed evolution of

PON recombinant variants. Attempts to crystallize
www.sciencedirect.com
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serum-purified PON1 resulted in the crystallization of a

contaminant protein, instead of PON1 [40]. Moreover,

although PONs exhibit a range of hydrolytic activities

towards esters, phosphotriesters and lactones, their native

or physiological substrate is unknown.

Family shuffling and screening for esterase activity led to

the first PON1 and PON3 variants that express in a

soluble and active form in E. coli (Table 1, entry 10).

However, in the absence of knowledge of the native

substrate, the screen was based not on PON’s native

function, but on its promiscuous esterase and phospho-

triesterase activities. Interestingly, whereas evolution of

PON1 led to a variant with wild-type-like enzymatic

properties and high E. coli expression, evolution of

PON3 by the very same method led to a mutant with

increased esterase activity relative to wild-type PON3, in

addition to higher expression.

The promiscuous esterase activity was also used for evolv-

ing bacterial phosphotriesterase (PTE) (C Roodveldt, DS

Tawfik, unpublished) (Table 1, entry 12). In this case,

libraries created by random mutagenesis of the PTE gene

were screened for higher esterase activity. However,

attempts to evolve this promiscuous activity led to a

variant with a 20-fold increase in functional expression

and enzymatic properties that are essentially identical to

those of wild-type PTE.

From a methodological point of view, these works high-

light the advantages and drawbacks of using screens

based on a promiscuous activity, particularly when the

native substrate is unknown (e.g. as in the case of PON),

when a facile screen for the native substrate is not avail-

able or when the detection of native activity falls out of

the dynamic range of the screen (e.g. as in the case of

PTE). The snag is that this approach can obviously lead

to variants with increased promiscuous activity as well as,

or instead of, increased expression.

Some proteins, especially eukaryotic ones, are notoriously

difficult to express in heterologous systems. Arnold and

co-workers [19�] have succeeded in obtaining high func-

tional expression levels for Myceliophthora thermophila
(MtL) laccase (a fungal glycoprotein), along with higher

activity, by directed evolution [19�] (Table 1, entry 8). For

this purpose, they used a yeast host (S. cerevisiae) and a

high-throughput screen based on the enzyme’s native

activity. Both in vitro and in vivo shuffling were used to

achieve random recombination of the isolated variants

between rounds. In addition, PCR and gap repair tools

[41,42] were used to ensure the recombination of neigh-

boring mutations in a site-directed manner.

What have we learnt?
Directed evolution can provide some general insights into

the factors that dictate protein solubility, stability and
www.sciencedirect.com
assembly in non-native environments. The directly

evolved NDP-K variant contained six amino acid sub-

stitutions, which act in a synergistic manner [24�]. To

explore the possible determinants of increased functional

expression, the structures of wild-type and evolved pro-

teins were modeled. This analysis suggested that two out

of the six mutations (Glu40Lys and Gly33Asp) yielded

more favorable charge distribution and hydrogen bonding

at the dimeric interface of the evolved variant. The

increased GFP fluorescence of the evolved NDP-K var-

iants may also indicate that the mutations reduced the

interference of fused NDP-K with GFP folding, possibly

by preventing the formation of non-specific off-pathway

aggregates [24�].

The highly expressing MtL laccase T2, evolved in yeast,

contains 13 mutations [19�]. Three of them are located at

the three processing sites of the protein, namely the signal

sequence, the prosequence and the C-terminal sequence.

Presumably, these mutations adjust the MtL sequence to

the different specificities of the S. cerevisiae proteases

compared to those of the natural fungal organism.

Whereas N-terminal processing and glycosylation are

probably required for secretion, C-terminal processing

may play a role in activation of the enzyme [19�]. Indeed,

the authors have shown that, whereas the His(c2)Arg

substitution in the C-terminal tail resulted in an almost

fivefold improvement in kcat, a dramatic loss in activity

was observed for the C-truncated mutant, suggesting that

the C terminus is essential for early post-translational

processing steps [19�]. That higher functional expression

may require alteration of an intermediate, rather than the

protein in its final form, is also apparent from several other

examples.

A particularly clear example of how correct folding can be

promoted by disfavoring the formation of an undesirable

folding intermediate has been recently described. A pro-

line residue within the sequence corresponding to the

transmembrane segment of a chloride channel associated

with cystic fibrosis has been shown to encode native

(a-helical) structure by disfavoring alternative misfolded

conformations (namely b-sheet aggregates). This preven-

tion of the formation of off-pathway structures may occur

either by destabilizing the non-native conformation or by

raising the kinetic barrier to its formation [43].

In the directed evolution of PON1 for soluble functional

expression in E. coli, eight conserved mutations were

identified. Initially (before we solved the structure),

the nature of these mutations was quite puzzling. They

were located in two regions of the sequence and most of

them involved the substitution of one hydrophobic amino

acid for another. The overall hydrophobicity of the variant

appeared higher than that of wild-type PON1. At the

time, we speculated that ‘‘the mutated regions may be

involved in the oligomeric packing of PON1’’ and that
Current Opinion in Structural Biology 2005, 15:50–56
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Figure 1

Mesh representation of the three-dimensional structure of a

recombinant PON1 (rePON1), with the mutations that confer

functional expression in E. coli. The sidechains of variant amino acids

between rePON1 and wild-type rabbit PON1 are noted as colored

spheres. The two calcium ions are represented by lime spheres:

Ca1 is the catalytic ion, whereas Ca2 has a structural role. The active

site is at the front-top part of the molecule. Eight conserved amino

acid mutations were found in all selected variants (see supplementary

information to Figure 8 in [14�]). All eight mutations are distant

from the active site. Six of the eight mutations are located within the

hydrophobic core of the protein, five of which are grouped in two

clusters (M130L-L143V and A320V-M341L-V343I). The two other

substituted positions are partially exposed to the solvent, but only

one (I126T) may increase surface polarity.
‘‘subtle mutations in these exposed hydrophobic surfaces

may have prevented misfolding and formation of high-

order aggregates, and thereby facilitated soluble expres-

sion’’ [14�]. A completely different picture emerged once

the three-dimensional structure was solved. It turned out

that six of the eight mutated residues are located within

the hydrophobic core of the protein in two tightly packed

clusters (Figure 1) [39�]. These mutations may increase

the stability of the core, although, in effect, PON1 is a

very stable protein. However, PON1 contains two cal-

cium ions, one of which is absolutely essential for its

structural integrity. Even in the presence of calcium in

the growth media, cytosolic calcium levels in E. coli are

tightly controlled at the low micromolar range [44]. When

overexpressed in E. coli, PON1 accumulates to millimolar

concentrations and the calcium-free apoenzyme must

therefore accumulate to a large degree. It is therefore
Current Opinion in Structural Biology 2005, 15:50–56
likely that the mutations stabilize the apo-form and not

the final calcium-assembled holoenzyme form.

A similar scenario seems to have taken place in our

directly evolved bacterial PTE variants (C Roodveldt,

DS Tawfik, unpublished). Wild-type PTE, when

expressed in E. coli, is mostly (98%) in an aggregated

inactive form. Selection of PTE gene libraries led to a

highly soluble variant (�35% soluble expression) contain-

ing three point mutations (Lys185Arg, Asp208Gly,

Arg319Ser) located on the surface of the protein, away

from the dimer interface and the active site. The evolved

variant appears to be more sensitive to thermal denatura-

tion and metal chelation than wild-type PTE. However, it

appears that the low soluble expression of wild-type PTE

is the result of limiting intracellular zinc concentrations

and the low stability of the apoenzyme, not of the zinc-

assembled holoenzyme form. The functional expression

of the newly evolved variant, therefore, seems to reflect

the higher stability of the metal-free apoenzyme. Indeed,

we could show that most of the evolved enzyme (>90%)

is maintained in its zinc-free apo-form until the cell is

lysed and exposure to the zinc-supplemented buffer

enables formation of the active holoenzyme. By contrast,

almost all the wild-type apoenzyme (�98%) is aggregated

and only an insignificant amount of the soluble apoen-

zyme is recovered upon cell lysis (C Roodveldt, DS

Tawfik, unpublished).

Concluding remarks
It is widely assumed that protein expression levels are

determined by the ‘solubility’ or ‘stability’ of the

expressed protein. This rationale is reflected in most

strategies that have been designed to improve overex-

pression yields. However, recent works highlight a key,

and often overlooked, factor. The main determinant of

(active) overexpression for many proteins is defined by

the thermodynamic and kinetic properties of an inter-

mediate, be it an apoenzyme, proprotein, monomeric

state or folding (on- or off-pathway) intermediate, rather

than by the stability and solubility of the final state.

Because these expression bottlenecks are largely uniden-

tified, the design of stabilizing mutations may prove a

daunting task. Evolution, which is directed only by the

phenotypic outcome of the process and requires no

knowledge of the protein’s structure and folding pathway,

seems like an effective solution to this problem. Care

must be taken, however, that selection is performed in a

controlled manner that improves functional expression

but does not alter the protein’s function and structure.

Update
Stable variants of Enterobacter cloacae b-lactamase (BLA)

have been generated by directed evolution [50�]. A stable

chimeric enzyme has been engineered by transplanting

the function-determining domains of an unstable and

difficult to handle F1-ATPase variant into the scaffold
www.sciencedirect.com
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of a stable homolog; this has been used to study the

unique structural and functional properties of this

enzyme within a stable framework [51].

A recent example of a directed evolution system based on

the properties of a preprotein intermediate, applied to the

search for an optimized sequence at the secretory signal-

mature protein junction for the efficient export of a

recombinant protein to the periplasm of E. coli, has been

reported [52�].
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