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Designing proteins from simple motifs: opportunities in
Top-Down Symmetric Deconstruction
Michael Blaber and Jihun Lee1

The purpose of this review is to describe the development of

‘top-down’ approaches to protein design. It will be argued that

a diverse number of studies over the past decade, involving

many investigators, and focused upon elucidating the role of

symmetry in protein evolution and design, are converging into a

novel top-down approach to protein design. Top-down design

methodologies have successfully produced comparatively

simple polypeptide ‘building blocks’ (typically comprising 40–

60 amino acids) useful in generating complex protein

architecture, and have produced compelling data in support of

macro-evolutionary pathways of protein structure.

Furthermore, a distillation of the experimental approaches

utilized in such studies suggests the potential for method

formalism, one that may accelerate future success in this field.
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‘Bottom-up’ and ‘top-down’ protein design
and structural symmetry
Much of the de novo protein design effort in the 1990s

focused upon a ‘bottom-up’ hierarchical approach based

upon fundamental principles of non-covalent inter-

actions and protein secondary structure [1,2]. This classic

approach typically proceeds by identification of desired

target architecture, design of secondary structure

elements by selection of amino acids with favorable

propensities, design of an appropriate hydrophobic pat-

terning consistent with the target architecture (with the

goal of achieving efficient hydrophobic core packing) [3],

addition of linker regions (e.g. reverse turns) to make

the desired secondary structure connectivity, and

adding charged partners, compatible H-bonding groups,

or disulfide bonds to stabilize structure-specific intra-

molecular interactions. Depending on the design

parameters, specific functional residues may also be

incorporated. Computational energy calculations, mod-

eling and visualization are intrinsic to the entire design

process. Once the design is finalized, the target polypep-

tide is expressed from a synthetic gene, and the purified

protein is characterized to confirm fitness of the design

principles. Helical architecture is less complicated to

design than b-sheet architecture due to the complexity

of inter-strand interactions in the latter [4]; and notable

success has been achieved in the de novo design of all-a

proteins [5–7], although all-b proteins have proven more

difficult. A not uncommon result of bottom-up design is a

‘de novo molten globule’ [2] exhibiting unsatisfactory

folding cooperativity, thermostability or solubility; such

problems are typically improved by subsequent redesign

or mutagenesis. A significant breakthrough in compu-

tational bottom-up design was achieved by Baker and

coworkers in an approach involving alternating the search

for a low energy set of side chains for a defined (i.e. rigid)

backbone, and subsequently, searching for a low energy

backbone solution for a defined set of side chains [8].

Thus, the general aspects of the desired target architec-

ture were initially defined, and repeated iterations of the

alternating side chain/backbone computational search

converged upon the detailed design solution. This

approach yielded a thermostable, cooperatively folding

polypeptide with an architecture that fit the initial design

features, and was also a novel architecture not previously

described in the structural databank.

A number of investigators have been interested in sym-

metric protein architecture, its role in protein evolution

via gene duplication and fusion, and exploitation in

protein design from a more top-down approach. In ‘frag-

mentation’ studies symmetric architectures such as the

(ba)8-barrel or b-propeller have been fragmented into

subdomains to determine whether the resulting peptides

fold independently or can assemble as oligomers to

reconstitute the parent architecture [9�,10–13]. ‘Consen-

sus design’ is a top-down approach that involves a com-

parison of naturally occurring sequences of symmetric

protein architecture to identify the most conserved and

therefore presumably the most structurally important

amino acids in the repeating motif [14,15]. Another area

of investigation is to understand the practical limits of

symmetry in protein folding and design. While detectable

tertiary structure symmetry is a common feature in

proteins, it is substantially diminished at the level of
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the primary structure. Thus, although gene duplication and

fusion is a compelling evolutionary mechanism, a conver-

gent evolutionary process is also plausible [16]. Addition-

ally, exact primary structure symmetry has been postulated

to be a potential source of folding frustration [17]; further-

more, exact primary structure symmetry represents a sub-

stantial reduction in sequence complexity and may

potentially violate some minimum complexity necessary

for efficient folding [18]. Thus the limits of primary struc-

ture symmetry for efficient protein folding are unclear, but

are essential to elucidate from the standpoint of protein

design and evolutionary pathways [13,19–22].

A tantalizing possibility emerging from symmetric protein

design studies is that an appropriately designed purely

symmetric primary structure represents a type of ideal-

ized structural solution, yielding extreme thermostability

and rigidity [15,23�,24]. In this perspective, specific func-

tion and localized dynamics are accommodated as a

structural defect (i.e. an asymmetric feature within the

background of a purely symmetric architecture, an exten-

sion of the ‘function/stability’ tradeoff hypothesis

[25,26]). Another possible attribute of purely symmetric

proteins is that they have a redundant folding pathway,

and can therefore tolerate potentially deleterious muta-

tional change to individual folding nuclei and still fold

efficiently, thereby providing transient evolutionary

robustness. These postulated characteristics of idealized

symmetric protein architecture suggest an exceptional

utility in protein engineering and design, placing increas-

ing importance upon successful design strategies of

simple peptide building blocks for such architecture.

Symmetric target architecture and top-down
strategies in protein design
Four broad categories of symmetric protein architec-

ture, distinguished by their fundamentally different

characteristics of key hydrophobic core/inter-domain

packing interactions, have been subjected to top-down

design studies. For purposes of comparison in this

review, these categories include: linear repeat, circu-

larly closed repeat, limited core circularly closed repeat

and single domain globular symmetric proteins

(Figure 1). Linear repeat proteins are non-globular

proteins comprised of successive homologous structural

units of 20–40 amino acids that stack to form elongated

structures with no conserved number of repeats or

cooperative contacts beyond adjacent units. Because

of these unique structural features they will not be

discussed in detail in this review; however, interested

readers are directed to the work of Grutter, Pluckthun,

Barrick, Peng and coworkers for examples of work in

the area of repeat protein design [27–30].

‘Circularly closed repeat’ architecture

Similar to linear repeat proteins, the circularly closed

repeat architecture is comprised of multiple structural

repeats with adjacent packing interactions (but no coop-

erative central core packing group), and a potentially

variable number of overall repeats. Unlike linear repeat

proteins, however, circularly closed repeat architecture

exhibits an overall ‘closed’ fold having adjacent N-ter-

mini and C-termini. One representative and extensively

studied example of circularly closed repeat architecture

is the ‘b-propeller’ characterized by a repeating struc-

tural motif comprised of four anti-parallel b-strands

referred to as a ‘blade’. The overall b-propeller archi-

tecture is typically comprised of four to eight blades

arranged toroidally around a hollow central axis

(Figure 1B). b-Propeller proteins exhibit extreme diver-

sity in sequence, function and phylogenetic origin and

the sequence similarity between blades of the same

propeller, and between blades of different propellers,

can vary considerably.
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Examples of symmetric proteins utilized in top-down design studies (note: images not to scale). (a) Ankyrin repeat (D34 region of human Ankyrin-R,

RCSB accession 1N11), a linear-repeat architecture; (b) five-bladed b-propeller (Tachylectin-2, RCSB accession 1TL2), a circularly closed repeat

architecture; (c) (ba)8-barrel (HisF, RCSB accession 1THF), a limited core circularly closed architecture; (d) b-trefoil (FGF-1, RCSB accession 2AFG), a

single domain globular symmetric architecture. Aspects of structural symmetry (as well as asymmetry) can be readily appreciated from simple ribbon

diagrams.
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Paoli and coworkers described formalism for top-down

design of a seven-bladed b-propeller fold with the goal of

developing a 40-amino acid WD repeat-based blade [14].

This formalism defined a stepwise process that proceeded

according to identifying a consensus sequence among a

broad category of WD repeat sequences (with added

consideration for compatible local interactions), design

of turn sequences, and optimization of hydrophobic pack-

ing interactions between adjacent blades. Subsequently,

concatenates of 4–10 designed WD domains were

expressed and characterized. This approach yielded mol-

ten globule proteins, and the authors hypothesized that

divergence from exact symmetry may be essential to

improve blade packing interactions. Other than the final

WD design, no intermediate forms in the top-down

design were evaluated (Table 1).

In a top-down design of the five-bladed b-propeller

protein tachylectin-2 [13] Tawfik and coworkers utilized

a design strategy comprising: first, identification of a

structure-based definition for the repeating motif (select-

ing a domain-swapped definition); second, sequence

analysis to identify which subdomain contains the great-

est percentage of consensus residues for a comparison

among all five subdomains; and third, construction of a

pentameric repeat of the 47 amino acid subdomain. Using

this approach the initial pentameric polypeptide proved

to be an insoluble aggregate. Thus, a subsequent step of

random mutagenesis of N-termini and C-termini regions

that participate in inter-domain packing interactions was

performed, and resulted in several soluble mutants with

apparent target architecture. The resulting b-propeller

proteins subsequently had a high degree of symmetry but

444 Engineering and design

Table 1

Examples of top-down protein design and resultant peptide building blocks for symmetric target architecture.

Target architecture Proxy Method Design cycle

granularity

Resulting building block

b-Propeller

(5 blade) [11,48�]

Tachylectin-2

� 236 amino acids

� 49% internal symmetry

Fragmentation, random

mutagenesis of interface

regions

2 � 100 amino acids

� Folds as pentamer repeat

forming

two 5-blade b-propellers

� Lectin functionality

� RCSB accession 3KIH

b-Propeller

(5 blade) [13]

Tachylectin-2

� 236 amino acids

� 49% internal symmetry

Fragmentation, random

mutagenesis of interface

regions

3 � 47 amino acids

� Limited asymmetry

� Folds as pentamer repeat

� Reduced thermostability

� Lectin functionality

b-Propeller

(7 blade) [14]

G protein b-subunit

� 295 amino acids

� Limited consensus symmetry

Consensus design 1 � 40 amino acids

� Molten globule heptamer

repeat

(ba)8-Barrel

[31,32,49]

HisF

� 253 amino acids

� 25% half-barrel symmetry

� Thermophile stability

Fragmentation, mutagenesis

of interface regions

3 � 120 amino acids

� Folds as dimer repeat

� Highly cooperative folding

� Reduced thermostability

� RCSB accession 3OG3

(ba)8-Barrel [33] HisF

� 253 amino acids

� 15% quarter-barrel symmetry

� Thermophile stability

Fragmentation 2 � 74 amino acids

� Evidence of (ba)4-barrel

and (ba)8-barrel oligomeric

assembly

� Reduced thermostability

(ba)8-Barrel [12] TrpF

� 197 amino acids

� 3% internal half-barrel symmetry

� Mesophile stability

Fragmentation, circular

permutation

1 � 93 amino acids

� Folds as homodimer and as

dimer repeat

� Thermophile

b-Trefoil

[34�,41��]

FGF-1

� 140 amino acids

� 3% internal symmetry

� Mesophile stability

Top-Down Symmetric

Deconstruction

14 � 42 amino acids

� Folds as trimer repeat, dimer

repeat, and homo-trimer

� Soluble hyper-thermophile

� Benign functionality

� RCSB accession 3O4D,

3OGF, 3OL0

b-Trefoil [15] Ricin

� 141 amino acids

� 55% internal symmetry

� Thermophile stability

Consensus design 1 � 47 amino acids

� Folds as trimer repeat

� Lectin functionality

� Soluble thermophile

� RCSB accession 3PG0

Current Opinion in Structural Biology 2012, 22:442–450 www.sciencedirect.com
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retained some degree of asymmetry. The authors postu-

lated that asymmetry in the repeating domains may be

essential to achieve efficient folding, raising the question

of whether pure primary symmetry in multi-bladed b-

propeller design is compatible with efficient folding.

‘Limited core circularly closed’ architecture

The (ba)8-barrel (TIM barrel) is the most common

protein fold and its structure is composed of eight mod-

ular repeats comprising a central b-strand, reverse-turn,

outer a-helix, and another reverse-turn (Figure 1C). Adja-

cent subdomain packing interactions comprise the

majority of buried hydrophobic interactions; however,

in comparison to the b-propeller (which has no central

hydrophobic core), each repeating motif in the (ba)8-

barrel contributes one residue to a small central packing

group (overall comprising �3% of total residues). In the

top-down design of a (ba)8-barrel architecture Sterner

and coworkers began with a (ba)4-barrel motif derived

from the C-terminus half of HisF. This motif was dupli-

cated to create an intact (ba)8-barrel which was then

subjected to mutagenesis to improve the inter-domain

packing interactions [31,32]. This yielded a folded and

soluble (ba)8-barrel target architecture with limited

asymmetry between the two (ba)4-barrel halves. Working

with a different (ba)8-barrel protein (N-(50-phosphoribo-

syl)anthranilate isomerase) and a different approach to

fragmentation (involving evaluation of circular permu-

tation half-barrel definitions) Akanuma and coworkers

successfully generated a half-barrel motif that was able

to fold independently as a stable (ba)4-barrel and also

dimerize to generate an intact and stable (ba)8-barrel

architecture [12]. These results provide strong exper-

imental support for the gene duplication and fusion

hypothesis of evolution for the (ba)8-barrel architecture,

and also identify a useful (ba)4-barrel building block.

Recently, a further evolutionary pathway involving a

putative ancestral (ba)2-barrel motif to generate an intact

(ba)8-barrel has been studied by Sterner and coworkers

[33]. These results support a two-step gene duplication

and fusion process in the evolution of (ba)8-barrel archi-

tecture, and identify a useful (ba)2-barrel polypeptide

building block comprising �60 amino acids.

‘Single domain globular symmetric’ architecture

Single domain globular symmetric proteins have a central

hydrophobic core that comprises the principle coopera-

tive hydrophobic packing group in the structure. The b-

trefoil is a common protein fold exhibiting threefold

structural symmetry and is an example of single domain

globular symmetric architecture (Figure 1D). Each

repeating domain (known as a ‘trefoil-fold’) is 40–50

amino acids in length and comprises four b-strands in a

domain-swapped arrangement of two anti-parallel b-hair-

pins. Each domain contributes five to six hydrophobic

side chains to the central core; thus, in contrast to the

(ba)8-barrel, the cooperative central hydrophobic core of

the b-trefoil defines the primary core packing group and

comprises �13% of total residues. Some b-trefoil proteins

(e.g. ricins, actin-bundling proteins) exhibit substantial

primary structure identity between the repeating

domains, while others (e.g. fibroblast growth factor

(FGF-1)) exhibit identities marginally above random.

Starting with the highly asymmetric and mesophile stability

FGF-1 protein (Figure 2) our lab produced a purely sym-

metric b-trefoil protein (‘Symfoil’), via a series of 14 sequen-

tial symmetric constraint mutations upon core, reverse-turn,

and b-strand secondary structure, respectively, that is

soluble, cooperatively folding and thermostable [34�]. Frag-

mentation of a further stabilized Symfoil variant into its 42

amino acid monomer motif (‘Monofoil’) produces a short

peptide that spontaneously folds as a homo-trimer to yield

the b-trefoil architecture. Additionally, expression of a

dimer repeat of this motif (‘Difoil’) yields an 84 amino acid

polypeptide that folds as a homo-trimer yielding two intact

(and interconnected) b-trefoil folds. These results support

one of the two competing hypotheses for the evolution of

the b-trefoil architecture (i.e. the ‘conserved architecture’

model) via gene duplication and fusion processes [35,36].

Comprehensive analysis of the purely symmetric Symfoil

protein [24] shows a remarkable broad resistance to dena-

turation and a high structural rigidity, supporting the hy-

pothesis that exact symmetry can be an idealized design

solution [23�] (Figure 3).

Meiering and coworkers pursued consensus formalism in

the top-down design of the b-trefoil-fold starting with a

thermophile member of the ricin family having 55% iden-

tity between the three repeating trefoil-fold subdomains

[15]. The design formalism proceeded with identification

of consensus residues among the three trefoil-fold subdo-

mains, followed by consensus analysis of highly homolo-

gous sequences to partially fill in remaining asymmetric

regions, and finally computational design [37] to complete

the symmetric constraint. This formalism did not separate

the design approach by particular secondary structure or

packing interactions; however, a symmetric core packing

group was part of the consensus sequence in step 1;

additionally, step 2 involved the introduction of a sym-

metric constraint primarily upon two turn positions, and

step 3 involved introducing a symmetric constraint prim-

arily upon three different b-strands. The resulting 47 amino

acid building blocks (‘Onefoil’) successfully folds into the

target b-trefoil-fold as a trimer concatenate (‘Threefoil’);

however, attempts to fold the Onefoil peptide building

block as a homo-trimer proved unsuccessful. Other than the

proxy and final design, no intermediate mutant forms were

characterized. While the overall primary structure identity

between Symfoil and Threefoil proteins is limited, the

core-packing arrangements are essentially identical (RCSB

depositions 3PG0, 3Q7Y and 3O4D), suggesting that

solutions for an efficient core-packing arrangement in

the b-trefoil architecture may be restricted.

Designing proteins from simple motifs Blaber and Lee 445
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(a) 140 amino acid sequence of FGF-1 utilized as the proxy in Top-Down Symmetric Deconstruction. The sequence is aligned by the repeating trefoil-

fold subdomains (dots are used to indicate every 10th amino acid). (b) The 42 amino acid building block (Monofoil-4P) for the b-trefoil-fold derived from

the FGF-1 proxy [34�,41��]. (c) X-ray crystal structure of Monofoil-4P which spontaneously folds as a homo-trimer to form the b-trefoil target

architecture (RCSB accession 3OL0). Panel D: X-ray crystal structure of a dimeric concatenated of the Monofoil-4P building block (Difoil-4P) which

spontaneously folds as a homo-trimer to form two intact instances of the b-trefoil target architecture (RCSB accession 3OGF). Panel E: X-ray crystal

structure of a trimeric concatenate of the Monofoil-4P building block (Symfoil-4P) which spontaneously folds into a hyper-thermophile b-trefoil target

architecture (RCSB accession 3O4D).
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Formalism for Top-Down Symmetric
Deconstruction

‘‘Blacksmith, I set ye a task. Take these harpoons and

lances. Melt them down. Forge me new weapons that will

strike deep and hold fast.’’—Ahab, Moby Dick

Top-down design studies have been self-described as a

process of ‘reverse engineering’ [38] or ‘reverse approach’

[11], evolutionary or structural ‘reconstruction’ [15,31],

‘fragmentation analysis’ [11,39], structural ‘dissection’

[10], and so on. Despite these seemingly diverse descrip-

tions, substantially overlapping conclusions regarding

protein evolution and design are emerging. For example,

in fragmentation studies designed to probe evolutionary

pathways, the value to protein design of the resultant

peptide building block has been noted [40]; conversely, in

studies designed to probe effects of enhanced symmetry

in proteins, support for specific evolutionary models has

emerged [41��]; additionally, consensus design studies

have made note of both evolutionary and protein design

implications [15]. Top-down design studies can produce

simple optimized peptide motifs that can be utilized in

the design of symmetric protein architecture; correspond-

ingly, we have proposed the term ‘Top-Down Symmetric

Deconstruction’ [34�] as an apt descriptor of this approach

to protein design.

There are several powerful advantages associated with

the top-down approach to protein design, foremost among

these is that the top-down process begins with a foldable

polypeptide; thus, as long as the design cycle maintains

the polypeptide within foldable sequence space the

design will converge upon a solution. A second advantage

is that failure points in the design cycle (i.e. mutational

changes that move the polypeptide out of foldable

sequence space) can be readily identified and corrected.

However, this latter advantage depends upon granularity
of the design cycle. In the extreme (although common)

case where only the final mutant design (involving

numerous mutational changes) is evaluated (i.e. a gran-

ularity of 1), the result is often a non-foldable polypeptide

requiring secondary mutations to move back into foldable

sequence space (and in this case the basis for the lack of

folding is unclear since many mutations were simul-

taneously combined). In contrast, although increasing

the overall effort, intermediate forms involving few

mutations can more readily identify specific design pro-

blems. Thus, granularity of the design cycle in top-down

design appears critical when engineering knowledge is

incomplete or imprecise.

The proxy

Top-down design begins with the selection of an appro-

priate proxy (i.e. foldable example) of the target architec-

ture. The proxy has typically been chosen for having the

greatest primary and tertiary structure symmetry [15,42], or

being a primitive form (i.e. as unchanged from a presumed

formative duplication/fusion event as possible) [11], or as

the smallest/simplest representative of the target architec-

ture [43]. A high degree of symmetry in the proxy reduces

the number of mutational changes to achieve a symmetric

solution, reducing the required granularity in the design

cycle. Additionally, a thermophile proxy increases the

ability to accommodate a potentially greater number of
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(a) Empirical phase diagram (EPD) [24] of FGF-1 a proxy in the Top-

Down Symmetric Deconstruction of the b-trefoil-fold [34�]. The blue

region in the EPD indicates the natively folded regime as characterized

by a comprehensive battery of analytical methodologies, including

circular dichroism, intrinsic and extrinsic fluorescence spectroscopy,

static light scattering, and ANS dye binding. (b) the EPD of a resultant

purely symmetric protein design Symfoil-4P. The symmetric solution for

the b-trefoil-fold is compatible with extreme thermostability.
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mutations and remain within foldable sequence space.

Other top-down design studies have started with compu-

ter-generated consensus-based proxies, the folding and

stability properties of which were undetermined [14]. Lack

of specific functionality may be an additional design goal,

yielding a peptide building block with a ‘blank slate’ as

regards function; alternatively, a generic functionality

might be a key aspect of the design of a more specific-

purpose scaffold (e.g. non-specific lectin affinity). If func-

tionality is dependent upon correct folding, it can be

utilized as a screen or selection to keep the polypeptide

within foldable sequence space during the design cycle

[13]; however, if functionality requires asymmetric attri-

butes of structure or dynamics, it may preclude identifi-

cation of a symmetric solution.

Top-Down Symmetric Deconstruction formalism

Top-Down Symmetric Deconstruction of b-trefoil target

architecture was divided into discrete ‘transforms’ (using

the nomenclature of the conceptually related Retrosyn-

thetic Analysis of Corey and Cheng [44]) that sequentially

targeted the hydrophobic core, turn secondary structure,

and b-strand secondary structure, respectively [34�]. In

contrast to a number of other top-down approaches,

efficient hydrophobic packing with a symmetric con-

straint was the initial focus of design. After successful

symmetric design, but before fragmentation to yield the

repeating peptide motif, a final transform to enhance

thermostability was included. In contrast to other studies,

experimental validation was performed within each trans-

form to ensure that stability and especially folding coop-
erativity was enhanced or maintained throughout the

entire design cycle. It was observed that while thermo-

stability was a highly modifiable property, folding coop-

erativity could, at best, only be maintained (and was easily

diminished by mutation). Thus, folding cooperativity is a
key parameter in the design cycle.

Granularity

Top-down protein design studies begin with a foldable

proxy, and utilize some type of stepwise formalism in

their symmetric deconstruction; however, very few stu-

dies have characterized intermediate forms in the overall

design cycle (Table 1). Thus, a typical result is that the

design moves out of foldable sequence space and ‘back-

tracking’ mutagenesis (typically targeting hydrophobic

packing interactions) is performed to move the design

back into foldable sequence space [10,13,31]. Recent

unpublished f-value studies of FGF-1 in our laboratory

indicate that key residues contributing to the folding

transition state are asymmetrically  distributed within the

FGF-1 sequence. Furthermore, these key positions for

efficient folding were effectively retained in our Top-

Down Symmetric Deconstruction; thus, the design cycle

never deviated from foldable sequence space and

key residues contributing to the folding transition

state were retained. Comprehensive circularly permuted

fragmentation studies of N-(50-phosphoribosyl)anthrani-

late isomerase (a (ba)8-barrel protein) also demonstrated

an asymmetric distribution of critical folding nuclei, such

that only certain (ba)4-barrel definitions folded indepen-

dently [43]; additionally, only certain (ba)2 fragment

definitions of HisF are able to oligomerize to recapitulate

the (ba)8-barrel target architecture [33]. Critical folding

nuclei in symmetric protein architecture therefore

appear to be non-redundantly distributed; thus, random

fragmentation of the wild-type proxy may be deleterious

to foldability. Additionally, depending on the set of

sequences utilized in consensus approaches to sym-

metric design, residues critical to formation of the folding

transition state may similarly be lost. Computational

approaches to Top-Down Symmetric Deconstruction

may therefore achieve greater success if key residues

contributing to the folding transition state can be ident-

ified and retained in the design cycle.

Conclusions
One advantage of symmetric protein architecture in

protein design is the potential for a redundant folding

pathway that can permit greater freedom to introduce

specific function in protein design. Top-down design

offers a novel and potentially efficient means to identify

simple peptide building blocks with which to construct

symmetric target architecture. Diverse top-down design

approaches may be unified through a shared formalism

that begins with a foldable proxy of the target architec-

ture, and proceeds through a design cycle that remains

within foldable sequence space. A design cycle is pro-

posed that proceeds by: proxy selection that maximizes

initial symmetry; design of symmetric hydrophobic core/

inter-domain packing, followed by symmetric constraint

mutations within fundamental secondary structure

elements, with an emphasis upon retaining residues

critical to efficient folding. Although different proteins

may share a common architecture, their folding pathways

can differ substantially (e.g. the b-trefoil proteins inter-

leukin-1b [45], FGF-1 [46] and hisactophilin [47]). Thus,

for a given architecture the key folding transition state

residues are likely dependent upon proxy selection. This

suggests a folding pathway redundancy inherent to sym-

metric primary structure, a redundancy that is sub-

sequently lost due to sequence divergence among the

repeating subdomains. f-Value analysis, initial fragmen-

tation studies, or improvements in molecular dynamics

simulations may enable identification of such residues.

Top-Down Symmetric Deconstruction taken to com-

pletion yields a purely symmetric primary structure;

subsequent fragmentation of this solution can yield a

simple 40–60 amino acid peptide building block useful in

design of the symmetric target architecture. Design cycle

granularity, although time consuming, assists with suc-

cess; however, improvements in computation (especially

identification of residues key to formation of the folding
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transition state) should reduce the required experimental

granularity considerably.
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