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Recent advances in computational protein design have allowed

exciting new insights into the sequence dependence of protein

folding free energy landscapes. Whereas most previous studies

have examined the sequence dependence of protein stability

and folding kinetics by characterizing naturally occurring

proteins and variants of these proteins that contain a small

number of mutations, it is now possible to generate and

characterize computationally designed proteins that differ

significantly from naturally occurring proteins in sequence and/or

structure. These computer-generated proteins provide insights

into the determinants of protein structure, stability and folding,

and make it possible to disentangle the properties of proteins

that are the consequence of natural selection from those that

reflect the fundamental physical chemistry of polypeptide

chains.
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Introduction
Protein design is a rigorous test of our understanding of

protein folding and stability [1,2]: how can you make

something if you do not understand what is holding it

together? Characterization of the properties of proteins

generated using computational protein design methods,

which identify the lowest energy amino acid sequences

according to clearly defined energy functions, provides an

excellent test of the accuracy of the underlying energy

models [3–5]. Systematic changes in the energy function

can be combined with experimental characterization of

the designed proteins to identify the primary determi-

nants of protein structure and stability. More generally,

protein design can help distinguish the effects of natural

selection from the fundamental physical properties of

proteins. For instance, have proteins been optimized

for fast folding by natural selection? This can be inves-

tigated by kinetic characterization of man-made proteins

that have not experienced natural selection and that were

designed with no consideration of folding kinetics. Or, to

what extent has nature sampled the viable regions of

protein structure space? This question can be investi-

gated by attempting to create proteins with structures that

are not observed in nature. In this review, we will focus on

recent examples in which computational protein design

has been combined with experiments to help answer

these and related questions.

Enhancing protein stability
Creating more stable proteins was one of the first

problems that computational protein design was applied

to and this subject has been reviewed previously [6].

Recent designs confirm many of the findings from ear-

lier studies. A simple way to stabilize a protein is to

increase hydrophobic surface area burial [7]. Table 1

shows the results of recent computer-based redesigns of

naturally occurring proteins. In almost all the cases in

which protein stability was significantly increased, there

were more hydrophobic residues in the redesign than in

the wild-type protein. An increase in hydrophobic sur-

face area burial can most easily be accomplished by

mutating partially buried polar residues to hydrophobic

residues; these types of changes are likely to account for

the increased stability of the redesigns of human growth

hormone, the RNA-binding protein U1A and procar-

boxypeptidase [8�,9�]. A more difficult approach is to

redesign a protein core so that it is packed more effi-

ciently and contains more hydrophobic groups. Core

redesigns of T4 lysozyme that mostly switched nonpolar

amino acids with different nonpolar amino acids did not

stabilize the protein [10��], and similar redesigns of

spectrin SH3 were initially unsuccessful because of

over-packing [11�].

These results do not mean that it is always advantageous

to remove buried polar groups. Mayo and co-workers

found that, by applying a filter based on the number of

satisfied hydrogen bonds, they could identify which polar

groups are best left intact in the core of thioredoxin [12�].
In another study, they demonstrated that a filter that

favors positive interactions with the helix dipole and helix

capping interactions led to more stable redesigns of the

Drosophila engrailed homeodomain [13].

Redesigning protein folding pathways
Several lines of evidence suggest that the dominant

protein folding pathways are those that maximize the

formation of favorable native interactions while minimiz-

ing the loss of chain configurational entropy [14]. Protein
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folding pathways should thus be determined, in part, by

the intrinsic stability of substructures within the protein.

This hypothesis has been investigated through the char-

acterization of truncation mutants, circular permutants

and point mutants [15–17].

A particularly direct test is to stabilize specific substruc-

tures within a protein and determine whether these

structures become populated earlier in folding. We used

computational protein design to redesign the folding

pathways of the IgG-binding domains of protein G and

protein L by stabilizing hairpins that normally form late in

the folding process [18��]. Protein G and protein L both

consist of a single a helix packed against a four-stranded b
sheet formed by symmetrically opposed b hairpins. In

protein G, the second b turn is formed and the first is

disrupted at the rate-limiting step of folding, whereas the

reverse is true for protein L. For both proteins, computa-

tional protein sequence design, coupled with sampling

alternative hairpin backbone conformations, was used to

identify approximately ten mutations that stabilize the

late-forming hairpin. When these mutations were com-

bined with destabilizing mutations in the opposing hair-

pin, the primary folding pathways were switched

(Figure 1). The crystal structures of the redesigned

proteins (Figure 1d,e) were quite close to the design

targets, showing that loop conformations can be altered

in a predictable manner. The ability to redesign protein

folding pathways shows that there has been considerable

progress in our understanding of the determinants of

protein folding mechanisms.

Interestingly, when mutations are made to protein L that

destabilize the second b turn, instead of stabilizing it (as

in the above experiment), the protein adopts a domain-

swapped dimer in which the segment corresponding to

the turn in the wild-type protein remains in an extended

conformation. The association constant for this dimer was

dramatically enhanced by using computer-based design

to identify sequences compatible with the structure of the

dimer, but incompatible with the monomeric structure. A

crystal structure of the redesigned dimer confirmed that it

adopted the target structure (Figure 1a) [19]. Other

destabilizing mutations in protein G have been shown

to create domain-swapped tetramers and dimers [20,21].

These results illustrate how small amino acid sequence

changes can produce large changes in quaternary struc-

ture [22].

Exploring protein fold space
There are a large but finite number of protein folds

observed thus far in nature, and it is not clear whether

structures not yet observed are physically unrealizable or

simply have not yet been sampled by the evolutionary

process or characterized by a structural biologist. Methods

for the computational protein design of novel protein

structures provide a route to answering this question.

The primary challenge of designing novel proteins is that

it is unlikely that any arbitrarily chosen protein backbone

will be designable and therefore it is essential that the

design procedure include a search of nearby conforma-

tional space in addition to sequence space. This was

clearly demonstrated in the landmark design by Harbury

et al. [23] of coiled-coil oligomers that adopted an unpre-

cedented right-handed superhelical fold. In this study,

the authors took advantage of the inherent symmetry of

coiled coils to create an algebraic parameterization of the

backbone that allowed the rapid optimization of the

protein backbone for a large number of putative

sequences. Another approach is to optimize the amino

acid sequence for a large number of fixed backbone

conformations, but this approach is restricted by the need

to specify, in advance, a limited number of backbone

conformations [24–27].

Table 1

Stability changes in computer-based redesigns of naturally occurring proteins.

Protein Scope Description Stability References

T4 lysozyme – Core-10 Core residues 10 mutations: 9 nonpolar to nonpolar, 1 polar to nonpolar < WT [10��]
Spectrin SH3 – Best 5 Core residues 5 mutations: A to V, V to L, M to I, V to I, V to L ¼ WT [11�]

Spectrin SH3 – Best 5-I44V Core residues 4 mutations: A to V, V to L, M to I, V to L > WT [11�]

Human growth hormone – CORE2 Core residues 8 mutations including 5 polar to nonpolar > WT [8�]

Granulocyte colony-stimulating factor Core residues 10 polar to nonpolar > WT [43]

Thioredoxin – Prudent polar Core residues 3 mutations: D to I, L to I, Y to F > WT [12�]

Thioredoxin – No polar Core residues 5 mutations: D to I, Y to F, L to I, T to L, Y to F, T to A ¼ WT [12�]

WW domain – SPANS-WW2 Complete redesign WT: 53% polar residues. Redesign: 62% polar residues < WT [44�]

Protein L – pL1 Complete redesign WT: 51% polar residues. Redesign: 54% polar residues < WT [9�]

Protein L – pL2 Complete redesign WT: 51% polar residues. Redesign: 52% polar residues ¼ WT [9�]

Procarboxypeptidase AYE Complete redesign WT: 47% polar residues. Redesign: 39% polar residues > WT [9�]

RNA-binding U1A – URN Complete redesign WT: 48% polar residues. Redesign: 44% polar residues > WT [9�]

Acylphosphatase – ACY Complete redesign WT: 50% polar residues. Redesign: 49% polar residues > WT [9�]

Homeodomain – ENH-FSM1 Complete redesign WT: 63% polar residues. Redesign: 67% polar residues > WT [40��]

Homeodomain – NC3-Ncap Surface residues Added favorable N-capping and helix dipole interactions > WT [13]

WT, wild type.

90 Folding and binding

Current Opinion in Structural Biology 2004, 14:89–95 www.sciencedirect.com



Recently, we used a general flexible backbone protein

design strategy to create a 93-residue a/b protein, called

Top7, with a topology not present in the Protein Data

Bank (PDB) as an independent domain [28��]. In this

study, alternating cycles of backbone and sequence opti-

mization were used to find low free energy sequence-

structure pairs [29,30]. The energy function was used to

guide the search at all stages and, at each stage, only the

Figure 1
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Current Opinion in Structural Biology

Redesigning protein folding pathways. Wild-type protein G and protein L both fold via an asymmetric transition state. (b) The first hairpin of protein

L is formed at the rate-limiting step of folding, but the second hairpin is not [45], (c) whereas the reverse is true for protein G (representative F values

are shown for each hairpin) [46]. (d,e) In each case, the late-forming hairpins were redesigned to increase their intrinsic stability; the redesigned

proteins, when combined with destabilizing mutations in the other hairpin, folded via a switched mechanism [18��]. Crystal structures of the
designs (each design contained over ten mutations) confirmed that the backbone coordinates of the hairpins matched the design models fairly

closely [27,47]. (a) When the first hairpin of protein L is destabilized, the protein forms a strand-swapped dimer [19]. Domain swapping has also

been observed with protein G [21].
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lowest energy sequence or structure identified in the

previous iteration was optimized, thereby avoiding the

large-scale and computationally expensive enumeration

of alternative backbones or general sequences. The

designed sequence has no detectable similarity with

known protein sequences and a crystal structure of the

design, in addition to confirming that the protein has a

novel fold, is remarkably similar to the design model

(rmsd ¼ 1:2 Å; Figure 2). The very close correspondence

between the design model and the experimental crystal

structure suggests that the potential function guiding the

design process captures much of the important physical

chemistry.

Top7 is exceptionally stable, �13 kcal mol�1, and hence

the absence of the Top7 fold as an independent domain

in the PDB cannot be attributed to the basic physical

chemistry of proteins. Evolution may simply not have had

the time to sample this fold (there are approximately 1000

different motifs that can be generated by five-stranded b
sheets and many of these are currently not observed in the

PDB [31]). The successful design of Top7 suggests that

there are likely to be a large number of highly stable

globular protein folds that have not been sampled by

nature; many of these could perhaps be useful in a wide

variety of applications.

One interesting aspect of the Top7 design procedure is

that, aside from forcing polar residues at some surface

positions, no explicit measures were used to destabilize

alternative conformations. In comparison, several groups

have noticed that it is often essential to screen against

alternative folds when designing helical-bundle proteins

[1,23,32,33] and designs of all-b proteins often aggregate.

Specificity may be easier to achieve in a/b proteins

because there is a strong intrinsic preference for right-

handed bab motifs [34], and short connections between

the helices and strands can be used to prevent many

alternative conformations. In a recent study, Takada and

co-workers [35�] designed a three-helix-bundle protein

by explicitly destabilizing a large set of alternative

conformations. Although they needed to use simplified

models of amino acid sidechains to complete this com-

putationally intensive calculation, they were able to cre-

ate a stable protein with a cooperative temperature melt

and a well-defined NMR spectrum. It will be interesting

to see if the structure of the protein matches their design

target.

There have also been several computational design

studies in which the target structure was a known fold,

but the backbone coordinates were created from

scratch. A 216-residue a/b-barrel protein was designed

by creating an idealized backbone from simple geo-

metric parameters. The design algorithm ORBIT was

then used to find low energy sequences for the structure

[36�]. NMR and CD spectra of the designed protein are

consistent with the target structure. In another study,

DeGrado and co-workers designed an A2B2 di-iron

protein by creating an idealized four-helix bundle and

searching for sequences that stabilize the target struc-

ture and destabilize alternative structures. Experimen-

tal studies verified that the protein is a helical A2B2

heterotetramer [37�].

Folding kinetics of computer-generated
proteins
Because of the enormous number of conformations a

protein can adopt, it has been suggested that fast folding

rates may be the product of strong evolutionary pressure

to fold on a biologically relevant timescale. An alternative

hypothesis is that fast folding kinetics and smooth folding

free energy landscapes are the consequence of selection

for protein stability (similar sets of interactions may

stabilize native structures and the partially folded

Figure 2

Creating a new protein fold. Superposition of the design model (red)

and the crystal structure (blue) of a newly created protein (PDB code
1QYS) [28��]. The topology of the designed protein is not present as

an independently folded domain in the PDB, but is observed as a

discontinuous portion of the protein S-adenosylmethionine

decarboxylase.
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conformations sampled during folding). This question

can be addressed by studying the folding of proteins that

have not been generated by the natural evolutionary

process. One approach is to use experimental selection

strategies, such as phage display, to retrieve sequences

that fold from random libraries [38,39]. Although power-

ful, this approach is constrained by limits on the complex-

ity of the libraries that can be generated and the selection

pressures are not always clear (in phage display experi-

ments, for example, the randomized proteins must be

assembled onto the phage surface). Computational pro-

tein design is an excellent avenue for addressing this

question as very large sequence changes can be achieved

and the selection pressure — the optimization of the

energy function used in the design process — is clear. In

particular, computational design methods typically focus

entirely on the stability of the native state and are

completely ignorant of the kinetic folding process.

Table 2 shows the folding rates for seven computer-

generated proteins; five of these were complete redesigns

of naturally occurring proteins and, on average, 65% of the

residues are mutated ([40��]; M Scalley-Kim, D Baker,

unpublished). Of the complete redesigns, four out of five

fold faster than the wild-type protein, suggesting that

naturally occurring proteins are not extensively optimized

for fast folding. Interestingly, three out of the five also

unfold faster than their wild-type counterpart (this was

also observed when five residues in the spectrin SH3 core

were redesigned [11�] and when the core of the four-

helix-bundle protein Rop was redesigned [41]). From an

evolutionary standpoint, fast unfolding may be disadvan-

tageous as it may be correlated with decreases in protein

rigidity. Loss of rigidity may affect the protein’s ability to

function, as well as increase its susceptibility to protein

misfolding events, such as incorporation into amyloid

fibrils. The rigidity of a de novo designed helical-bundle

protein was probed by NMR relaxation studies and the

protein was found to be more flexible than most naturally

occurring proteins [42].

The folding kinetics of Top7 are of particular interest

because the sequence and structure are completely novel.

Unlike many small globular proteins, Top7 does not

appear to fold by a simple two-state mechanism, but

rather, at low concentrations of denaturant, there are

two folding phases and the rate constants of both phases

are independent of denaturant (M Scalley-Kim, D Baker,

unpublished). These results suggest that there are par-

tially folded intermediates or kinetic traps that slow the

folding of Top7. Most naturally occurring, small-domain

proteins do not exhibit such complex folding kinetics,

suggesting that nature has selected for proteins that have

smooth energy landscapes, perhaps to prevent the inter-

action of partially folded proteins with other cellular

components.

Conclusions
Computational protein design provides a route to creating

dramatically new protein sequences and structures, and

thus makes it possible to investigate the extent that

natural selection has shaped the properties of folding

free energy landscapes and the viability of novel protein

folds. As methods for protein design continue to improve,

it should be possible to explore more subtle properties of

proteins, for example, the interplay between dynamics,

binding and catalysis, by comparing the properties of

designed functional proteins with those of their naturally

occurring counterparts.

Update
The recently determined high-resolution structure of a

four-helix-bundle protein from a binary hydrophobic-

polar patterned library challenges the notion that

sequences that fold into a very well packed structure

are rare [48��].

Table 2

Folding kinetics of computer-generated proteins.

Protein kf (s�1) ku (s�1) DG (kcal mol�1) References

Acylphosphatase WT 0.2 0.000065 4.8 M Scalley-Kim, D Baker, unpublished
Des 22 000 0.3 6.6

Procarboxypeptidase WT 408 0.5 4.0 M Scalley-Kim, D Baker, unpublished

Des 51 000 0.000019 12.7

Src SH3 WT 57 0.1 �0.2 M Scalley-Kim, D Baker, unpublished

Des 6.8 9.6 3.8

Protein L WT 60 0.02 4.7 M Scalley-Kim, D Baker, unpublished

Des 555 0.2 4.6

Homeodomain – NC3-Ncap WT 37 000 1100 1.8 [40��]

Des 29 000 230 2.9

Homeodomain – ENH-FSM1 WT 37 000 1100 1.8 [40��]

Des 79 000 920 2.7

Spectrin SH3 – Best 5 WT 3.9 0.0045 3.8 [11�]

Des 22.8 0.0190 3.6

Des, designed protein; WT, wild type.
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