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Although they are widely distributed across kingdoms and are

involved in a myriad of essential processes, until recently, repeat

proteins have received little attention in comparison to globular

proteins. As the name indicates, repeat proteins contain strings

of tandem repeats of a basic structural element. In this respect,

their construction is quite different from that of globular proteins,

in which sequentially distant elements coalesce to form the

protein. The different families of repeat proteins use their diverse

scaffolds to present highly specific binding surfaces through

which protein–protein interactions are mediated. Recent studies

seek to understand the stability, folding and design of this

important class of proteins.
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Abbreviations
ank ankyrin

CD circular dichroism

HPR hexapeptide repeat

LRR leucine-rich repeat

TPR tetratricopeptide repeat

Introduction
During the past few years, several exciting studies have

emerged that begin to characterize a hitherto understud-

ied but ubiquitous class of proteins. These nonglobular

folds, called repeat or solenoid proteins, are formed from

repeated motifs of between 20 and 40 amino acids that

stack together to produce extended and striking super-

helical structures [1,2]. The repetitive and elongated

nature of repeat proteins causes them to differ radically

in their construction from normal globular proteins;

repeat proteins are dominated by short-range and reg-

ularised interactions (Figure 1a,c,d), whereas globular

proteins exhibit complex topologies that frequently have

numerous long-range interactions (Figure 1b). In this

review, we discuss the recent progress made in the

characterisation and design of repeat proteins, and ex-

plore the similarities and differences between repeat and

globular proteins.

Repeat proteins: structure and function
There are approximately 20 classes of repeat protein for

which the three-dimensional structure of at least one

representative has been solved [3,4�]. In each class, a re-

peated 20–40 amino acid motif defines a variety of second-

ary structural units. These range from simple motifs that

consist of two linked secondary structure components to

more complex motifs that include many more. Some

examples are:

1. a helix – link – a helix; for example, tetratricopeptide

(TPR) and HEAT repeats.

2. a helix – link – b strand; for example, leucine-rich

repeats (LRRs).

3. a helix – b hairpin or loop – a helix; for example,

ankyrin (ank) repeats.

4. {b strand – link – b strand}3; for example, hexapeptide

repeats (HPRs).

5. {b strand – link – b strand}4; for example, WD40 (40-

residue repeat with Trp [W] – Asp [D] motif).

When these structural units stack together to form the

complete, functional protein, two main categories of

interaction are paramount in defining the final character-

istic elongated tertiary structure: the packing within each

repeat motif; and stacking interactions between adjacent

repeat motifs (Figure 1). It appears that tandem arrays of

multiple repeats are required for the formation of stable

folded structures, because no single repeat motif has yet

been shown to form a stable folded unit. In theory, there

should be no limit to the number of repeats possible

within a domain [5]; for example, 29 ank repeats have been

identified in NOMPC (an ion channel of 1619 amino

acids) [6]. However, the intricate relationship between

stability, repeat motif number and function is still unclear.

The profusion and thus evolutionary success of repeat

proteins (six families are present in the top 20 families in

the PFAM database [7]) may be explained through:

1. The relative ease of evolution — large, stable proteins

can be produced from simple duplication events, as

opposed to the more complex creation of secondary

structure de novo [5].

2. A capacity to acquire diverse functions in many cel-

lular processes — for example, the TPR motif is linked

to functions as varied as cell cycle regulation, tran-

scriptional control, protein transport, neurogenesis and

assisting protein folding [8].
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The underlying link between repeat proteins in all such

processes is a shared ability to mediate protein–protein

interactions. The repeated units form a scaffold that

utilizes their extended surfaces to expose a specific inter-

acting interface. However, as one would expect, different

repeats provide very different interfaces that bind a vari-

ety of partners. These range from small-peptide-binding

pockets, such as the pentapeptide-binding pocket in Hop

[9] (Figure 2), to extended binding surfaces in which

multiple interaction sites are used to bind globular pro-

teins [10] (Figure 2). The ability of repeat protein families

to bind multiple binding partners on essentially similar

scaffolds, combined with their simple modular nature,

makes them ideal candidates for protein design. Further-

more, their novel nonglobular structures raise interesting

questions concerning the factors that contribute to their

stability and folding pathways. In this review, we will

mainly focus on the ank and TPR a-helical repeat pro-

teins, which represent the best-characterized systems.

Ank and TPR a-helical repeat proteins
The ank and TPR motifs are composed of repeating units

of 33 and 34 amino acids, respectively. Both repeated

motifs encode a pair of a helices. In each case, although

Figure 1
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A comparison of the contact maps of (a) CTPR3 — a designed repeat protein containing 3.5 consensus TPR motifs, (b) FKBP12 – a globular protein

of 107 amino acids, (c) 3ANK – a designed repeat protein containing 3 consensus ank motifs and (d) N-acetylglucosamine acyltransferase – a

protein that contains approximately 9 HPRs. The maps were produced using the program MOLMOL [32]. A ribbon representation of each protein is

shown in the top left-hand corner (created using MOLSCRIPT [33] and rendered using RASTER 3D [34]). The x and y axes both show the residue

numbers for the complete protein sequence. A square is placed at each position where a residue is within 5 Å of another residue. The diagonal

represents self and local sequence contacts. The off-diagonal points represent longer-range interactions. Those above the diagonal represent only

backbone contacts and those below represent all types of contact. Certain plots are colour coded. In (a,c), yellow denotes the first repeat, red for

the second, blue for the third and green for the fourth. In (d), red denotes the HPR domain and green denotes the globular domain. As one can see,

the repeat proteins in (a,c,d) are dominated by regular short-range interactions, whereas the globular protein (b) has numerous more complex long-

range interactions.
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the repeating sequences are highly degenerate, with no

position invariant, there is a consistent pattern of key

residues that are essential to the structural integrity of

each fold. These residues define the fold and contribute

to overall stability. In addition, a second subset of resi-

dues can be defined that vary in response to the specific

protein–protein interaction. Despite such similarities,

there are several important differences between the

two types of repeats.

Ank motif

The two antiparallel a helices within the ank motif are

linked by a b hairpin/loop that projects outward from the

helices at angle of about 908. The b hairpin is approx-

imately perpendicular to the a helices, producing an

L-shaped conformation. In nearly all ank-mediated pro-

tein–protein interactions, the binding surface is primarily

composed of the b-hairpin/loop region [1]. However, cer-

tain complexes also use the surfaces of the inner a helices.

Tandem ank repeats stack in parallel, causing the helices

in one repeat to stack directly over those in adjacent

positions. The stacking interactions also produce a slight

curve and left-handed twist in the overall structure.

Figure 2a shows the ank fold and Figure 2b shows the

ank repeats of NF-kB–IkBa in complex with its substrate.

TPR motif

In contrast to the ank motif, the two helices (A and B) of

the TPR motif are connected by a tight turn. Tandem

TPRs also stack in parallel, but form a very different

structure to the ank proteins. A highly conserved pattern

of small and large hydrophobic residues defines the TPR

fold by causing the A and B helices within one TPR unit

to pack at an angle of approximately 1608 and force

successive repeated units to stack in a fashion reminiscent

of steps in a spiral staircase. In general, the stacking of the

repeats forms a right-handed superhelix (with a repeat of

approximately eight TPR motifs) with little overall cur-

vature; however, when the structure of PEX5 (seven

TPRs) with its peptide substrate was solved, it formed

two three-repeat modules that enclose the substrate like a

clam [11]. The major interaction surface of TPR proteins

seems to be formed from a groove exposed by the super-

helical twist, which is composed of residues on the A helix

of each repeat. Figure 2c shows the TPR fold and

Figure 2d shows three TPR motifs of Hop in complex

with its substrate, the C-terminal peptide of Hsp90.

Comparing globular and repeat proteins
The nonglobular nature of linear repeat proteins has

stimulated several productive studies on the factors con-

tributing to their stability and folding. The main body of

this work has centred on protein domains containing ank

repeats (although one parallel b-helix fold motif, similar

to the HPR shown in Figure 1d, has also been character-

ized). The stability and folding of the following proteins

have been studied: p16INK4, four ank repeats [12��,13��,
14,15]; myotrophin, four ank repeats [16]; p19INK4d, five

ank repeats [17]; ank repeats from the notch receptor of

Drosophila melanogaster, seven ank repeats [18�–20�]; and

pectate lyase C, approximately eight three b-strand

repeats [21–24].

Equilibrium unfolding

The first major question to be answered was whether or

not the modular nature of repeat proteins is reflected in

their unfolding behaviour under equilibrium conditions.

Figure 2
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Four illustrations showing the structures of (a) a designed repeat protein

called 4ANK, which contains 4 consensus ank repeats [28��]; (b) a

complex showing the 6 ank repeats (green) of NF-kB–IkBa interacting

with NF-kB (yellow) [10]; (c) a designed repeat protein called CTPR3,

which contains 3.5 consensus TPR motifs [27��]; and (d) a complex

showing the 3 TPRs of Hop TPR2A interacting with the C-terminal

pentapeptide from Hsp90 [9]. All structures are shown as ribbon

representations, except the pentapeptide in (d), which is rendered in ball

and stick. Each figure is colour coded to highlight differing structural

features. In (a,c), each repeat is coloured differently — yellow denotes

the first repeat, red for the second, blue for the third and green for the

fourth. In (b), the interacting ank repeats are coloured green and the

other proteins in the complex are coloured red and yellow. In (d), the a
helices of Hop that interact with the substrate are coloured green. All

pictures were created using MOLSCRIPT [33] and rendered using

RASTER 3D [34].
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To date, similar to the behaviour of most single-domain

globular proteins, repeat proteins display a cooperative or

‘two-state’ equilibrium unfolding transition for both heat-

and chemical-induced denaturation [14,16,17,20�,21]. In

contrast to globular proteins and consistent with their

modular nature, studies have shown that it is possible to

remove varying numbers of repeats from a repeat protein

and still produce stable, folded fragments [12��,19�]. In

some cases, the addition or removal of the N/C-terminal

repeats can have a more drastic effect on stability/helicity

than the removal of internal repeats [12��,19�,20�]. This

could be due to the introduction of capping interactions

that close the hydrophobic core from solvent. Further-

more, when Bradley and Barrick [18�] engineered a series

of Ala!Gly substitutions at conserved alanine residues

within each repeat of the Notch domain (seven anks), one

mutant seemed to uncouple the cooperative two-state

folding. It was postulated that the mutation, in repeat 6,

could destabilize the terminal repeats, thereby uncoup-

ling them from the folding of the rest of the protein.

Response to mutation

Several studies have engineered single and multiple site

mutations into ank-containing proteins [13��,14,15,18�].
In general, the response of the proteins to mutation is

equivalent to that seen in globular proteins. Of particular

interest is the study by Tang et al. [14], who investigated

the effect of oncogenic mutations on the tumour sup-

pressor p16. They found that any oncogenic mutation,

coupled with p16’s already low stability, caused both

aggregation and unfolding. In related work, reminiscent

of p53 rescue [25], Cammett et al. [15] showed that the

deleterious effect of the oncogenic mutations could be

reversed by designing secondary stabilizing mutations

elsewhere in the protein.

Folding pathways

Because repeat proteins are constructed as a modular

array, one might envisage that each repeat could form

separate folding units (foldons), which then coalesce to

form the final structure [26]. Certainly, studies on p19,

pectate lyase C and p16 have shown the population of

intermediates during folding [14,17,23]. In the equilib-

rium unfolding of p19, probed by 2D 1H-15N HSQC

NMR spectroscopy, an intermediate species was observ-

ed, even though there seemed to be little evidence of

such a state from kinetic studies. When pectate lyase C

was studied, using fluorescence and near- and far-UV CD

as probes, the temperature dependence of the folding rate

constant suggested that an on-pathway intermediate, in

rapid equilibrium with the unfolded protein, may be

present [23]. In kinetic studies of p16, using fluorescence

as a probe, at least one intermediate state was observed to

accumulate during folding. Subsequently, Tang et al.
[13��] rigorously characterised the folding pathway of

p16 by performing F-value analysis of the major transition

state for folding. This was the first such analysis of the

folding of a repeat protein and showed that each repeat

unfolded sequentially: the two N-terminal repeats unfold

first, followed by the unfolding of the two C-terminal

repeats. It is interesting to note that, in another study, the

smallest fully folded fragment of p16 that could be

produced corresponded to the two C-terminal repeats

[12��]. Thus, in this case, it appears that the most stable

repeat folds early.

Designing repeats
The attraction of repeat proteins to design can be easily

explained. It stems from the ability of each repeat family

to mediate a host of protein–protein interactions from a

scaffold built from a simple repeated module. Further-

more, using multiple sequence alignment and current

structural characterization, we can start to delineate those

residues within the repeated module that are responsible

for fold preservation or substrate interaction (Figure 3).

Thus, we should be able to either modify existing repeat

functions or create repeat proteins into which we can design

novel binding properties. Excitingly, in the past year, there

has been one successful design of novel TPR proteins

[27��] and two successful designs of novel ank repeat

proteins [28��,29��]. These designs, coupled with detailed

solution characterisation and high-resolution X-ray crystal

structures (Figures 1, 2 and 4), described below, have

expanded our current knowledge of repeat proteins,

given insight into the relationship between structure and

sequence, and posed several interesting questions.

Reaching a consensus — basic design

To successfully design a repeat protein, one must first

identify those residues within each repeat that define the

fold. One way to achieve this is to use the consensus

amino acid at each position — usually the most frequently

occurring (Figure 3). Repeat proteins, with their exten-

sive protein sequence databases, are ideally suited to such

analysis, as large data sets are required for accurate results.

Moreover, the lower the variance of an amino acid or type

of amino acid at a given position, the more likely it is to be

key to fold conservation. In the successful TPR and ank

designs, a single idealised repeat was obtained using a

consensus design strategy. However, in each case, a slightly

different statistical analysis was performed to obtain the

consensus repeat. These are summarized in Table 1 and

shown in Figure 3. It is interesting to note that these

designs do not explicitly take account of co-variance.

However, if such analysis is performed [28��], nearly all

of the co-variant residues, particularly in the hydrophobic

core, are present. This presumably reflects the essential

sidechain complementarity required to specify the fold.

From single to multiple tandem repeats. When are

stable, folded proteins produced?

To obtain the final designed repeat proteins, the single

consensus repeat produced in each study was duplicated

to generate tandem arrays. In the study by Main et al.
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[27��], this corresponded to 1.5, 2.5 and 3.5 TPR motifs.

Mosavi et al. [28��] produced 1, 2, 3 and 4 ank motifs,

whereas Kohl et al. [29��] produced libraries of 4–6 ank

repeats, in which the N- and C-terminal repeats were

designed to cap the protein, and the middle repeats

contained a backbone consensus with certain regions

randomised [29��]. In each case, to determine whether

the structures were properly folded, the designed proteins

were characterized using fluorescence, far- and near-UV

CD and NMR. High-resolution X-ray crystallographic

structures were also obtained for the 2.5 and 3.5 TPR

motif proteins [27��], 3 and 4 ank motif proteins [28��] and

one library member containing 5 ank repeats [29��].

For the TPR and Mosavi’s ank study, a critical number of

repeats had to be reached before a correctly folded, mono-

meric repeat protein was produced. In Nature, both TPR-

and ank-containing domains rarely contain less than three

tandem motifs. Therefore, by building both TPR and ank

repeat motifs from single units, these studies were able to

probe whether the minimum repeat number reflects a

necessary structural or functional requirement. For the

TPR design, only 1.5 repeats were required to generate a

correctly folded structure, whereas 3 repeats were needed

for the ank design. This difference would seem to stem

from differences in the packing of the repeating units. The

TPR fold has a more distinct modularity, composed of 1.5

repeats, which make more contacts within the module

than the rest of the protein (Figure 1). Although the ank

repeat does not possess such clear modularity, if the

contact maps of 3ANK (3 repeats) are studied, one can

imagine a module encompassing 2 ank repeats (Figure 1).

This is consistent with the result that the 2 ank repeat is

stable but not monomeric.

Consensus designs — more stable than nature

Similar to their natural homologues, equilibrium unfold-

ing by heat or chemical denaturation of the consensus

Figure 3
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The final sequences of the idealized (a) TPR and (b) ank repeats for each design. Each representation shows the conservation level of the selected

sequence and a schematic of the secondary structural elements they encode. Positions that are more than 50% conserved are classed as ‘conserved’

and coloured yellow, positions where 2–4 similar amino acids dominate are classed as ‘semi-conserved (same type)’ and coloured orange, positions

where 2–4 different amino acids dominate are classed as ‘semi-conserved (different type)’ and coloured blue, and those positions that have no

preference for an amino acid are classed as ‘nonconserved’ and are coloured green. In the Kohl et al. [29��] consensus, an X denotes any amino acid

except cysteine, glycine or proline, and a Z denotes histidine, asparagine or tyrosine amino acids. A statistical analysis showing the three most
frequent amino acids at each position of (c) the TPR and (d) the ank repeat motifs. The most frequent is coloured yellow, second most frequent is

coloured pink and third most frequent is coloured blue.
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proteins was found to be two state, rather than multistate.

Furthermore, as the number of repeats increased, so did

the stability. Interestingly, when the consensus proteins

were matched to comparable natural repeat-containing

proteins, they were found to have greatly increased

thermal and chemical stabilities. This increase is prob-

ably due to a combination of factors, such as the removal

of unfavourable interactions (possibly present as a con-

sequence of functional requirements), the absence of

irregular insertions or deletions in a repeat, and opti-

mised intra-repeat and inter-repeat packing (because the

repeating units are identical). The increased stability

over natural counterparts mirrors the higher stabilities

observed when consensus designs have been used to

generate enzymes [30] and antibodies [31]. It also illus-

trates that, although evolution selects for function, it

rarely optimises stability more than is necessary for a

given milieu.

Structural characteristics

As stated, the structures that were solved were 2.5 and 3.5

TPR motifs [27��], 3 and 4 ank repeats [28��], and 5 ank

repeats [29��]. One striking outcome of the consensus

design and repeat fold is the identical interactions and

structure of each repeat within the consensus repeat

protein (rmsd Ca usually <0.5 Å between repeats;

Figure 4c, e). The identical nature of the repeats allows

one to delineate the roles of the highly conserved struc-

tural residues (Figures 3 and 4). The designed TPR

repeat proteins are dominated by hydrophobic interac-

tions, whereas in the ank structures there are extensive

hydrogen-bonding networks, stabilizing the b-hairpin/

loop regions, that are combined with a cluster of hydro-

phobic interactions between the a helices. Interestingly,

in the TPR structures, the ‘signature’ large hydrophobic

residues force the a helices apart into their characteristic

elongated structure. In contrast, the ank repeat’s

Figure 4
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Ribbon representations of the X-ray crystal structures of (a–c) the designed TPR protein CTPR3 [27��] and (d,e) the designed ank protein 3ANK [28��].

(a,b,d,e) The structural roles of the most conserved ‘signature’ residues in each motif are illustrated. These sidechains are represented as sticks and

coloured by level of conservation — residues more than 50% conserved are yellow and semi-conserved residues of the same type are orange. In the

case of the CTPR3 protein, only the conserved residues from the middle A-B-A0 helices of the second and third TPR motifs are shown. (c) The identical

nature of the designed repeats is revealed by five overlaid structures of the A-B-A0 motif of CTPR2 (two motifs) and CTPR3 (three motifs). The

sidechains and Ca backbone are represented by black lines and a blue tube, respectively. (f) The hydrogen-bonding network in the b-hairpin/loop

region of 3ANK. Each residue is coloured by level of conservation – residues more than 50% conserved are yellow, semi-conserved residues of the

same type are orange, semi-conserved residues of a different type are blue and nonconserved residues are green. All figures produced using Swiss-

PDBViewer [35] and rendered with the program POV-Ray [36].
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‘signature’ residues are used to lock together the a helices

either side of the b-hairpin/loop region (Figure 4).

These robust designs seem perfect for use as scaffolds on

which novel binding specificities can be engineered. In

fact, Kohl et al. [29��] designed in these features by

creating randomised libraries in the loop region of their

ank proteins. In this paper, they also report that, by using

ribosome display, they have been able to select several

library members to bind to a number of globular proteins

(specific binding in the low nanomolar range) [29��].

Conclusions
In this review, we have described the recent exciting

advances in the design and biophysical understanding of

the relatively simple repeat protein folds. It seems that,

despite their unique nonglobular structures, they follow

many of the same principles that are observed for globular

proteins; for example, they cooperatively (un)fold and

react in a similar fashion to mutation. However, unlike

globular proteins, repeat proteins can be trimmed into

smaller fragments that remain folded. The trimming is

directly related to the modular nature of the folds and can

be roughly gauged by the analysis of residue contact maps

for each folded structure. It will be interesting to see if

other repeat proteins fold in a similar manner to the

sequential unfolding of p16.

The advent of several consensus designs (ank and TPR

motifs) has led to promising results, as well as raising

some pertinent questions. The designs have shown that

hyperstable, monomeric and correctly folded proteins can

be constructed from an idealised motif. These proteins

increase in stability as more units of the repeat are added.

Furthermore, the regularised protein structures produced

not only highlight the important interactions made by the

highly conserved or ‘signature’ residues, but also have been

shown to be stable interacting scaffolds onto which new

specificities can be built. They provide excellent starting

points from which to redesign superhelical structure, to

study stability changes and to elucidate folding pathways.

As a final note, after such design success, one wonders how

difficult it is to produce designed repeat proteins. What are

the minimal requirements? For example, would it be pos-

sible to reduce the idealised repeat to an alanine framework

with only the highly conserved motif-forming residues

present? Could other more complex repeat protein topol-

ogies, for example, the WD40 repeat, be so easily designed?
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Table 1

Summary of the design characteristics of consensus repeats.

Design and no. of

repeats

Selection of amino acids in single

repeat motif (Figure 3)

Other design features

TPR [27��]

1.5 to 3.5 repeats

�Those with highest global propensity (Pg). Pg is

the ratio of the percentage occurrence of an
amino acid at a given position to its percentage

occurrence in the whole protein database.

A helix nucleating sequence was added to first TPR motif.

Solvating helix (the A helix of the TPR motif with four
hydrophobic residues mutated to hydrophilic residues) was

added to terminal TPR motif to shield hydrophobic core.

Ank1 [28��]

1 to 4 repeats

Positions that had one amino acid present

>50% — automatically selected.

Positions where 2–4 amino acids of the same

type dominate — most frequent chosen.

Positions with no preference or where the amino

acids were not of the same type — assigned

‘‘in an effort to satisfy the amino acid distribution

data and location in the proposed ank repeat

secondary structure’’.

The pairwise co-variation between amino acids

was calculated. However, the results did not

affect the design as the most highly co-variant

pairs were already present.

N-terminal repeat starts at position 1.

C-terminal repeat terminated before the b-hairpin/loop

region (position 26).

Ank2 [29��]

4 to 6 repeats

yA framework of structurally important residues

was defined (by a mixture of consensus

and structure alignment) and the rest

were randomised in a library format.

yThe consensus repeats were inserted between designed

N- and C-terminal capping ank repeats. These were used to

shield the hydrophobic core from solvent. Six randomly chosen

library members were then selected for characterisation.

�The exception being cysteine, which was mutated to alanine. yMore information is described in patent application PCT/EP01/10454.
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