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Engineered protein libraries, defined here as a collection of

different mutant variants of a single specific protein, are

intentionally designed to be rich in molecular diversity and can

span ranges from as little as 400 different variants to greater

than 1012 members per library. The goal of engineering libraries

is to generate new protein variants, identified upon screening,

that possess desired novel properties. Exploitation of the

natural organization of the genetic code has led to ‘focused’

libraries that are lower in overall complexity yet biased towards

variants with preferred biophysical properties. An emerging

trend, in which computational algorithms are blended with

in vivo screens, is also leading towards greater and more rapid

success in the field of protein design.
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Introduction
During the billions of years since life spontaneously arose,

the process of evolution has resulted in significant mol-

ecular diversity at the protein level. Two key aspects of

evolution are the creation (and maintenance) of molecular

diversity and the selection of traits associated with

specific fitness criteria (i.e. fitness conferred by particular

sets of amino acids in different protein variants). Emula-

tion of these two aspects in the laboratory, as in vivo, in
vitro or genetic screens, has led to significant advances in

the field of protein design. The molecular diversity

inherent to engineered protein libraries, and subsequent

screening, has led to designed protein variants with novel

enzymatic properties, variants that have the ability to

bind specifically to macromolecular targets, and variants

that have increased solubility and enhanced stability. In

addition, the use of protein libraries and associated

screening has provided unique insights into the bio-

physical properties of proteins associated with certain

human diseases (for example, the Ab42 peptide associ-

ated with Alzheimer’s disease). This review focuses on
www.sciencedirect.com
recent advances in the use of engineered protein libraries

and the development of focused libraries designed to

reduce sequence space to that which is most probable to

produce variants with the desired properties. In addition,

the use of computational algorithms to assist in the

engineering of focused libraries is also described. As a

result of the expanding breadth of this field, we focus on

the use of libraries to design new protein variants utilizing

three systems that have been the subject of intense

engineering: green fluorescent protein (GFP) solubility

screens, the Ab42 peptide associated with Alzheimer’s

disease and streptococcal protein G (Gb1) stability

screens.

Enhanced solubility from engineered
libraries screened as GFP fusions
The use of GFP as a fluorescence reporter has expanded

significantly in many areas of research [1–6], especially in

the field of protein design [7,8]. High solubility is a

desired trait when expressing designed or natural

proteins, and therefore a rapid means of screening mono-

meric variants from an engineered protein library is of

high utility [9]. It was determined early on that the

folding of GFP, and formation of its active chromophore,

occurs relatively slowly [10,11] and that the solubility of

proteins fused to the N terminus of GFP (Figure 1) can

greatly impact folding and thus emitted fluorescence [12].

A close correlation between solubility and fluorescence

was demonstrated for a series of test proteins from Pyr-
obaculum aerophilum fused to the N terminus of GFP [12].

In addition, directed evolution was used to engineer a

variant of bullfrog H-subunit ferritin that is more soluble

than the wild-type protein. The solubility of the resulting

(fully functional) variant was increased and thus it was

demonstrated that proteins with enhanced solubility can

be screened from engineered protein libraries fused to

this fluorescent reporter. However, it should be noted that

a feature of the GFP fusion technology is that all mutant

variants must be observed (so as to assess the degree of

fluorescence each emits) and thus molecular diversity

must necessarily be restricted to a range that is accessible

in the laboratory.

Waldo and co-workers have continued the development

of the GFP solubility reporter by using intensive protein

engineering (i.e. directed evolution) to generate a split

GFP system in which the protein being tested is fused to

a 15 amino acid GFP fragment [13,14]. When this chi-

meric fragment is co-expressed with a fragment consist-

ing of the remainder of GFP, they spontaneously

reassemble and form fluorescent GFP if the attached

test protein remains soluble. Cabantous et al. used a
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Figure 1

GFP solubility screen. Illustrated is the relationship between the

N-terminal test protein and GFP (plus the intervening linker) for the

chimeric protein generated in the screen for solubility. If the test protein

is prone to aggregation (left), it will precipitate and block GFP folding and

fluorescence, whereas soluble test proteins allow GFP to fold and

fluoresce properly.

Figure 2

The ionic network and b-barrel topology of GFP. The five charged

sidechains that form a surface-exposed ionic network are highlighted

and the stabilizing mutation, S30R, is indicated with an arrow.
two-tiered approach, in which fully intact GFP was used

in combination with the split GFP system to evolve

higher solubility into proteins from Mycobacterium tuber-
culosis known to be insoluble and thus recalcitrant to

protein expression, purification and ultimately crystal-

lization [15].

Additional production of mutant libraries of GFP, and

screening based on enhanced fluorescence, has resulted

in a ‘superfolder’ variant that folds robustly even when

fused to poorly folded test proteins [16��]. Pédelacq et al.
started with the amino acid sequence of a well-folded

GFP variant derived from a previous directed evolution

cycle, which resulted in the mutations F99S, M153T,

V163A [17] and two ‘enhanced GFP’ mutations — F64L

and S65T [18]. After four rounds of DNA shuffling, a

highly fluorescent ‘superfolder’ GFP variant was isolated

that contained the following six new mutations: S30R,

Y39N, N105T, Y145F, I171V and A206V. Upon solving

the crystal structure of this variant (PDB accession code

2B3P), it was theorized that its faster folding kinetics and

greater stability are probably a consequence of the S30R

mutation [16��]. This mutation results in an intramole-

cular ionic network, across four adjacent b-strands, that

involves a sequence of five alternating acidic and basic

residues (Figure 2). This form of surface-exposed ionic

network would probably be difficult to accurately predict

computationally and thus reflects the value and continued

importance of engineered protein libraries and associated

screens.
Current Opinion in Chemical Biology 2007, 11:335–341
Probing the amyloidogenicity of Ab42 with
focused protein libraries and GFP reporter
fusions
To explore the biophysical properties of a peptide associ-

ated with Alzheimer’s disease, Wurth et al. utilized GFP

fusions with fluorescence-based screening of engineered

peptide libraries [19,20]. Expanding on their previous

work on the de novo design of b-sheet proteins, which

exhibited high propensities to form amyloid-like fibril

structures [20,21], they employed combinatorial protein

libraries to probe the amyloidogenic properties of the

Ab42 peptide, which is known to be a major molecular

component of the amyloid plaques associated with

Alzheimer’s disease [19,20,22]. When fused to GFP as

an N-terminal fusion, the high propensity for Ab42 to

aggregate blocks proper GFP folding and thus bacteria

harboring this chimera do not emit fluorescence. To

explore the role that particular residues play in amyloi-

dogenicity, mutant libraries of Ab42 variants were gener-

ated using different methods for introducing mutations

[19]. The resulting libraries were probed in the context of

the GFP screen and 36 mutant variants of Ab42, which

are more soluble relative to the wild-type peptide, were

isolated. The bulk of the mutations cluster into three

hydrophobic regions and, although most agree with

previous model studies, there are several conservative

mutations that simple models based solely on sequence

hydrophobicity would not have predicted.
www.sciencedirect.com
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Ab42 and the shorter variant Ab40 (identical to Ab42 but

two residues shorter) are produced in relatively equal

amounts in vivo, yet the senile plaques in diseased brains

are composed primarily of Ab42, which also more readily

forms fibrils in vitro [19,22]. To analyze the potential role

these two terminal residues play in amyloidogenicity, a

library was generated by randomizing the codons for

positions 41 and 42. In addition, focused libraries were

engineered in which the degenerate codon NTN (which

encodes five non-polar amino acids) was incorporated at

both positions for one library and NAN (which encodes

six polar amino acids) incorporated at both positions for

another. The resulting screen indicated that hydropho-

bicity, as well as b-sheet propensity, greatly influences

overall solubility. Interestingly, only one colony from the

hydrophilic library displayed a white phenotype and

subsequent DNA sequencing revealed two arginines at

positions 41 and 42. Analysis of a structural model of an

Ab42 fibril, based on solid-state NMR data [23], revealed

that an arginine at the terminal positions would be in close

spatial proximity to a glutamic acid at position 11, and that

a putative salt bridge between these residues may func-

tion to stabilize the b-sheet structure of the Ab42 fibril.

Kim and Hecht returned to the ‘binary code’ of protein

structure (which specifies the pattern of polar and hydro-

phobic residues in protein structure [24��,25]) to engineer

protein libraries for the purpose of probing another key

issue associated with the amyloidogenicity of Ab42 [26].

Recently determined structures of model amyloidogenic

peptides reveal the presence of highly ordered ‘steric

zippers’ comprising well-packed structures with specific

sidechain interactions [26,27]. To ascertain if these

specific sidechain interactions could be substituted for

generic hydrophobic amino acids, a focused library of

Ab42 variants was engineered in which the degenerate

codon NTN was used to code for five non-polar amino

acids at 12 different positions. The findings demonstrate

that generic hydrophobic amino acids are sufficient to drive

Ab42 to form amyloid fibril structures. The GFP reporter

screen is such an effective tool that it is now being used to

screen compounds from a library of different molecular

diversity. Kim et al. used the in vivo Ab42–GFP fusion

system to screen a library of triazine derivatives for com-

pounds that block the self-association of Ab42 [28]. They

demonstrated that one compound in particular effectively

blocked Ab42 self-assembly, which allowed proper GFP

folding and associated fluorescence. This system will

probably continue to be used as a powerful method to

screen for drugs that may offset or prevent the debilitating

neurodegenerative effects of Alzheimer’s disease.

The use of protein design algorithms to
focus protein libraries
Although significant molecular diversity in protein

libraries is desirable, especially to ensure a higher like-

lihood of generating the optimal sequence, it is not
www.sciencedirect.com
difficult to see that many of the sequences in a large

randomized library would be non-functional and poten-

tially deleterious. The concept of using protein design

algorithms [29] to virtually screen protein libraries and

reduce sequence space down to a region amenable to

in vivo or in vitro screening has been applied in the recent

past [30–34]. For example, Hayes et al. used design

algorithms to target specific positions in the engineering

of a b-lactamase variant with improved resistance to

cefotaxime [35�]. The algorithms were initially used to

redesign (i.e. perform computational mutagenesis on) a

subset of 19 residues in proximity to the active site of

the enzyme, and resulted in one set of mutant residues,

and associated rotameric positions, that represented

the lowest calculated energy in the context of fixed

backbone coordinates (the low-energy sequence is

termed the global minimum energy conformation, or

GMEC). To guide library design, they determined

additional sets of amino acid mutations that had reason-

able calculated energies by running Monte Carlo simu-

lated annealing starting with the GMEC sequence. This

approach effectively reduced the sequence space for the

19 positions from a possible molecular diversity of

�5.2 � 1024 down to 172 800 and, upon generation and

screening in the laboratory, resulted in a b-lactamase

variant that exhibited a 1280-fold increase in resistance

to the targeted antibiotic [35�].

Engineered protein libraries, focused with design algor-

ithms at specific positions, were also used to enhance the

fluorescent properties of a blue variant of GFP, referred to

as BFP [36,37�]. The mutation Y66H of the chromophore

of GFP yields a blue fluorescent protein that has the

undesirable properties of low quantum yield and rela-

tively rapid photobleaching [38]. To improve these fea-

tures, Mena et al. used protein design algorithms, and

fluorescence activated cell sorting, to target 12 core pos-

itions within 7 Å of the imidazole ring of the fluorescent

chromophore [36]. Diversity was restricted upon the use

of an algorithm that determines library composition by

minimizing a weighted average of conformational ener-

gies calculated for each of seven candidate libraries [37�].
Combinations of variably focused codons were incorpor-

ated into the oligonucleotides used in library engineering.

The unintended incorporation of a more inclusive codon

at position 224 (i.e. RBG, where R = AG and B = CTG, as

opposed to the intended RTG codon) resulted in a library

that encoded 3.3 � 105 unique sequences. This level of

diversity is greatly reduced relative to the 4 � 1015

sequences of a library completely randomized at 12

positions. Screening of the focused libraries yielded a

variant with enhanced quantum yield (0.55 versus 0.34),

reduced pH sensitivity and a 40-fold increase in photo-

bleaching half-life, thus illustrating the power of using

protein design algorithms to focus library diversity to

regions of sequence space most probable to include a

variant with preferred properties.
Current Opinion in Chemical Biology 2007, 11:335–341
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Engineered protein libraries of the Gb1
domain
A proven workhorse in the field of protein design is the b1

domain of Gb1, as it has been the subject of design using

computational approaches [39–43], as well as in vivo and

in vitro screens [44–46]. In particular, phage display has

proved to be a powerful tool for selecting stable Gb1

variants (as well as other designed proteins [47–51]) from

fairly diverse engineered protein libraries. For example,

in work by Schmid and co-workers, phage display was

used in combination with in vitro proteolysis to select for

Gb1 variants with increased intrinsic stabilities [52�,53].

The genes for the Gb1 variants were cloned into the

phage gene-3-protein (G3P) and the resulting libraries

were subjected to multiple rounds of in vitro proteolysis

and amplification in bacteria (Figure 3). In one study,

where this method was compared to a previous compu-

tational design of Gb1 [42], saturation mutagenesis was

used to randomize the codons at four boundary positions

(molecular diversity of �160 000) that were previously

identified with computational algorithms. The genes for

�100 Gb1 variants that exhibited high protease resistance

were sequenced and revealed that amino acids that con-

ferred greater stability were highly degenerate yet biased

towards hydrophobic and aromatic residues at three of the

four positions [52�]. Thermodynamic analysis of �21

variants revealed that two were more stable than the

sequence derived from the computational design. This

finding is not entirely surprising, as a necessary limitation
Figure 3

Phage display combined with in vitro proteolysis. The protein of interest is i

and the third domain that anchors G3P to the phage particle. The N-termina

protein is stable to proteolysis (a), G3P remains intact and thus viable for b

proteolyzed and rendered non-infective (b).
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of the computational approach is that the protein back-

bone must be held rigid for the calculation to remain

tractable.

In subsequent work, Wunderlich and Schmid used a two-

step approach in which error-prone PCR was used first on

the Gb1 gene to identify candidate positions with high

potential for stabilization. Interestingly, the five positions

identified fall within the partially exposed ‘boundary’

category and none were located in the core of the protein

(in fact two of the five were identical to positions ident-

ified previously with computational methods [42]). The

second step entailed the saturation mutagenesis of the

five positions followed by multiple rounds of selections.

Manual incorporation of the most stabilizing mutations

resulted in a Gb1 variant that exhibited an increase in TM

of 35.1 8C and an increase in DDGD of 28.5 kJ mol�1 at

70 8C [53].

In a different system in which the Gb1 domain was also

the target of design, Barakat et al. developed a ‘one-

hybrid’ screen for protein stability using transcriptional

elements obtained from a bacterial ‘two-hybrid’ screen

[54�]. A three-protein chimera was created by expressing

different Gb1 variants as fusions inserted between a

DNA-binding domain at the N terminus and a transcrip-

tional activation domain at the C terminus (Figure 4).

The ability of the different chimeras to up-regulate the

associated reporter gene is correlated to the intrinsic
nserted between the second N-terminal domain of the G3P protein

l domains (1 and 2) are essential for phage infectivity. If the test

acterial infection, whereas less stable variants are more readily

www.sciencedirect.com
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Figure 4

‘1-hybrid’ chimeric stability screen. (a) The three sequential genes expressed as a single chimera from the ‘1-hybrid’ vector. If the intervening

test protein exhibits high thermal stability (and is thus less flexible), as in (b), the chimera does not make as an effective transcription factor as

when the intervening test protein is of lower thermal stability (and presumably greater flexibility), as in (c). Variants of lower thermal stability

up-regulate the reporter gene to a greater extent and therefore confer higher resistance to the reporter antibiotic (e.g. ampicillin).
stability of the intervening Gb1 variant. Those of lower

stability (and presumably higher flexibility) up-regulate

the reporter to a greater extent relative to chimeras that

contain more stable Gb1 variants. Starting with a variant

of low overall stability (i.e. TM = 38 8C), the codons for

three specific residue positions were randomized and the

resulting library was screened for variants of higher

stability. In addition, the three positions were screened

virtually using the ORBIT suite of protein design algor-

ithms [29]. The computationally derived variant was

significantly stabilized (i.e. TM increased from 38 to

64 8C) and the five variants that were obtained from

the engineered library had melting temperatures greater

than the starting sequence and one that was more stable

than the computationally derived variant (i.e. TM = 69 8C)

[54�]. Subsequent screening of the engineered library has

resulted in five additional variants more stable than the

starting sequence. We intend to use the ORBIT algor-

ithms to further analyze the ten library variants to ascer-

tain how well calculated energies correlate to the

experimental screen results. The unique use of these

transcriptional elements (in combination with robust

computational analysis) represents new possibilities for

the creation of novel combinatorial screens that should

provide yet more opportunities to rapidly and accurately

explore regions of protein sequence space.

Conclusions
Significant advances in the field of protein design have

come from both computational approaches and in vivo
www.sciencedirect.com
and in vitro screens. With the computational approach,

molecular diversity is generated and screened virtually

and normally results in a mutated sequence that reflects

the best attempt to mathematically capture the physical

chemistry of protein folding (usually represented by a

molecular mechanics force field). A caveat to this

approach is that many of the physical interactions that

give rise to the final folded structure of a protein are

difficult to accurately emulate (e.g. variable electrostatics)

and/or do not lend themselves readily to the large-scale

combinatorial analysis of the enormous number of poten-

tial sidechain interactions (e.g. pairwise deconvolution of

solvation energies). Even with these caveats, compu-

tational approaches have consistently proved to be effi-

cient at getting close to the lowest energy mutant

sequence (and conformation). By contrast, engineered

libraries and associated screens have also been used

successfully to determine the optimal sequence for

specific design goals, but have practical limitations

regarding library size or identification of optimal amino

acid positions for mutagenesis. The emerging trend in

which robust computational algorithms are blended with

powerful in vivo screens should lead to greater and more

rapid success in the field of protein design, as each

method can be used to effectively address and alleviate

the inherent limitations of the other.

Update
In recently published work, Olson and Roberts [55]

demonstrate a simple yet efficient method for imparting
Current Opinion in Chemical Biology 2007, 11:335–341
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(and assessing) relatively significant molecular diversity

(i.e. 30 � 1013) into an engineered protein library. The

protein scaffold targeted for design in this work is the

tenth fibronectin domain of human fibronectin (10FnIII)

and the resulting protein library will ultimately be uti-

lized for mRNA display. The main goal of this work was

to assess the quality of the diverse protein library by

measuring the total amount of soluble protein produced,

the ratio of folded to unfolded protein, and the free

energy of folding. The relevance of this work to this

review is that the authors utilized the GFP solubility

screen described above [12] to determine the extent of

expression and folding statistics for the total amount of

soluble protein produced in bacteria. A wide range of

solubility for proteins of the engineered library was

observed and the majority of the library (66%) expresses

a good amount of soluble protein [55]. Thus, this work

further demonstrates the utility of the GFP screen and

the inherent value of engineered protein libraries that

possess significant molecular diversity.
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