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Abstract

Repeat proteins are constituted by a variable number of
copies of a given structural element that is tandemly
repeated along a longitudinal axis. They mainly function
as protein-protein interactors with binding interfaces that
are not conserved along members of the same family but
specific for each interacting pair. These proteins have
been extensively used as scaffolds for protein design that
are usually centered on the maximization of the stability
of the repeat arrays. Although overall stability is
important for obtaining molecules with enhanced
solubility and expression, natural occurring repeat-
proteins have unstable characteristics that are relevant for
their binding properties. Here we discuss the state of the
art for repeat protein designs and the ideas of allowing
energetic conflicts for introducing enhanced functionality
in the arrays.

Keywords: Repeat proteins; Protein folding; Designed
proteins; Protein stability; Local frustration

Introduction
The more sequences, structures and functions scientists

have discovered about proteins, the more they have dreamed
about being able to design and engineer new ones for specific
aims. Globular proteins have intricate topologies where
residues that are far in sequence come close in space upon
folding. This complicates the analysis of how sequence
perturbations are propagated to the structure, the overall
dynamics and finally their impact on protein function. Repeat-
proteins could simplify this problem. Repeat proteins are
constituted by a variable number of fundamental structural
elements that are repeated in tandem along a longitudinal
axis. They can adopt different shapes according to the
geometrical and symmetry relation in between the repeating
modules [1,2]. Residue-residue interactions on these
molecules are mostly confined within each repetition or to the
interfaces between adjacent ones and in principle local
perturbations are not propagated to distant regions in the
structure. In their natural context, repeat proteins are

frequently found mediating protein-protein interactions, with
a specificity rivaling that of antibodies [3-5]. For these reasons,
it is not unexpected that several groups have used them as
scaffolds for the design of protein interactors with notable
success [6].

Designed repeat proteins have high thermal stabilities
compared to the natural occurring ones as reviewed in [7].
While high stability might be a desired feature for obtaining
well expressed and foldable polypeptides, most natural
proteins are marginally stable [8]. It has been suggested that
marginal stability could favor protein functionality since it
would be correlated with increased flexibility [9], and it has
been suggested that this could increase "functionality" [10,11].
Proteins' exploration of conformational states is now
recognized as fundamental to protein function [12,13] to
transition between the different conformers that constitute
their native state and hence be able to accomplish their
function [14].

If proteins are naturally marginally stable, is the
maximization of stability the right coordinate for protein
design? The energy landscapes theory for protein folding [15]
explains that proteins minimize their internal conflicts as they
fold towards structures that are more similar to their native
state. This global minimization of the internal energy is known
as "the principle of minimal frustration" and it is a
consequence of the cooperativity that exists among native
interactions. From all possible polypeptides, natural sequences
constitute the set for which most native interactions are more
favourable than any other possible interaction within the
polypeptide chain [15]. Although minimized, the principle of
minimal frustration does not imply that some energetic
conflicts cannot remain in the native states. Even more, it has
been shown that, in average, 10% of the total interactions in a
monomeric, foldable protein structure are in conflict with their
local environment [16]. These "highly frustrated" interactions,
that have been kept along the evolutionary history of proteins
[17] are crucial for several functional aspects of natural
proteins [18].

Current methods to design repeat proteins rely on the
implicit or explicit maximization of stability, while nature
supposedly cares about proteins being functional in their
environment. We discuss here the importance of energetic
conflicts in natural occurring repeat proteins and why they
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should be taken into account for improving their use as
scaffolds for protein design.

Repeat Proteins Design: Regular and
Highly Stable Molecules

One of the most successful strategies for designing proteins
is the so called "consensus-based" approach which implicitly
exploits the evolutionary information from a set of
evolutionary related proteins. Starting from a multiple
sequence alignment of homologous protein domains, the most
probable amino acid at each position is selected to create a
consensus sequence which can be synthesized [7]. In the case
of repeat proteins, multiple sequence alignments of individual
repeats are used for constructing the consensus sequence.
Multiple copies of this consensus repeat can be concatenated
in order to generate consensus repeat proteins of different
lengths. Several groups have successfully used Ankyrin repeat
proteins (ANK) for consensus-design [19-22]. Peng and
coworkers [19] generated proteins composed of one to four
identical Ankyrin repeat units (1ANK, 2ANK, 3ANK, 4ANK) and
showed that ANK3 and ANK4 are foldable with high thermal
stabilities. These results demonstrated that repeat consensus
sequences contain all the information, within repeats and
between adjacent repeats interactions, needed to fold a
molecule with the Ankyrin repeat architecture. Pluckthun and
coworkers on their side [20] generated another consensus
design, leaving 6 positions free to be randomized in order to
generate libraries in which specific binders could be found.
These DARPins (Designed Ankyrin Repeat Proteins) have been
very successful. The structure of a DARPin with 5 repeats,
E3_5, was solved showing to be very regular and well packed
[23]. Regardless on the differences on their design strategies
3ANK, 4ANK and E3_5 are able to correctly fold with higher
stabilities than any other natural ANK. Other repeat protein
families were used as scaffolds for consensus-based design like
Leucine Rich Repeats (LRR), Tetratricopeptide Repeats (TPR),
Armadillo (ARM) and HEAT Repeats [24]. In recent years,
variations of consensus designed repeat proteins permitted to
recognize a diversity of specific targets [6]. Nevertheless, the
rigidity of these proteins at their binding surface limits the
diversity of molecules that can be targeted by this extremely
stable scaffold, with some strategies being applied to
compensate this as for example the inclusion of insertions of
variable lengths in some of the repeats [25].

In a recent work, we studied the energetics of the entire
ANK family [26]. By using an algorithm called Frustratometer
[27,28] we analyzed the frustration patterns in all ANKs with
known structure. The Frustratometer compares the native
interaction energy of a given interaction with the one that
would be found by placing different residues in the same
native location or by creating a different environment for the
interacting pair. When an interaction is more favourable than
most of the alternatives it is considered to be minimally
frustrated. If, on the contrary, most of the alternatives are
more favourable than the native energy, the interaction is
considered to be highly frustrated. Interactions whose energy
values cannot be distinguished from the alternatives mean

energy values are considered to be neutral. We observed that
energetic conflicts (highly frustrated interactions) were not
randomly distributed but specifically located at binding sites,
insertions and regions close to deletion points [26]. When
comparing the sequence and the structural energy
conservation at each position, we found that the more similar
to the consensus a residue is, the more it contributes to the
repeat stability by establishing energetically favourable, i.e.,
minimally frustrated, interactions both within the repeat and
with the neighboring ones. Interestingly, positions that can be
randomized in the DARPins design are not included in the set
of residues that are important for the repeat stability. Residues
that are marked as "functional" tend to be responsible for
disrupting the periodicity in the repeat array and are enriched
in energetic conflicts, while those that are maintained to be
similar to the canonical ANK structure tend to favour protein
stability.

In Figure 1, we show the frustration patterns for different
protein structures corresponding to designed repeat proteins
(first and second rows) and for natural repeat proteins (third
row). When comparing the frustration patterns for the full
consensus Ankyrin repeat protein 4ANK (Figure 1A) and the
natural one IκBα (Figure 1H), which is an inhibitor of NF-κB, it
appears that the first one has a lower proportion of conflictive
interactions (red lines). IκBα is known to be partially folded
and only consolidates its structure upon interacting with NF-κB
[29,30]. On the other hand, 4ANK is a full consensus Ankyrin
repeat protein, that shows a neat minimally frustrated pattern,
consistent with the overall observation that residues that
maximize the similarity to the consensus sequence are
responsible for maximizing repeat stability [26].

Recently, a new methodology for designing repeat proteins
has been developed by Baker and co-workers [31] that
integrates the Rosetta de novo structure generation and design
methodology combined with protein family-based sequence
and structural information. Starting from poly-valine protein
backbones, several models, composed of idealized repetitive
modules are obtained for which a Rosetta energy function,
supplemented with family-specific structural constraints, is
optimized. This strategy has been successful for the design of
novel repeat-protein topologies [31]. In Figure 1B, we show
the structure for ANK3 (OR266), designed by the mentioned
method, which consists of 3 internal idealized repeats and
adapted versions for the terminal ones (Caps). We observe
that ANK3 has a larger proportion of highly frustrated
interactions, compared to the full consensus ANK4 in (Figure
1A) not only in the Caps, but also in the internal repeats. This
strategy was extended later on [32], using the Leucine Rich
Repeat (LRR) family as a scaffold, for designing repeat proteins
for which the curvature of the array could be rationally
modified. The curvature is essential to tune the
complementarity between the repeat protein and its target.
The methodology consists of 3 steps: 1) Design of a set of
idealized self-compatible building block modules, 2) design of
junction modules that connect adjacent building blocks from 1,
and 3) combination of building and junction blocks in order to
generate a protein with a specific desired overall curvature.
Several LRR constructs were obtained following this approach
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by combination of idealized LRR modules of different lengths
(LRR_L, where L is the length of the repeat module) building
modules and junction modules. In Figure 1C we show the
frustration pattern for DLRR_A which is constituted by LRR_22
idealized modules which has frustrated interactions on the
terminal regions, and a lower proportion on the internal
repeats. In Figure 1D we show the frustration patterns for
DLRR_G3, which is constituted by fusion of LRR_24 and
LRR_28 idealized modules. It can be seen that there is a central
region around residue 280, corresponding to the interfaces
between the LRR_24 and the LRR_28 modules, that has a
larger proportion of highly frustrated interactions compared to
the rest of internal repeats.

Natural LRRs, usually contain non repetitive "irregular"
regions. For example, the Toll-like receptor 3, has a repeat,
located between residues 532 and 563, with an inserted loop
extending the repeat length to 32 residues (LRR_32) respect
the canonical LRR_24 idealized repeats (Fig. 1G). The
frustration patterns for DLRR_H2 containing one LRR_32
module in combination with LRR_24 modules and DLRR_I that
contains two consecutive LRR_32 modules are shown in
(Figures 1E and 1F), respectively. We observe that in both the
cases, the designed proteins and the Toll-like receptor 3, the
regions where the wedges are located have a higher
proportion of highly frustrated interactions. We have shown
for the ANK protein family, that insertions within and in
between adjacent repeats are enriched in this type of
energetic conflicts [26], most likely because of functional
constraints like surface adaptation to bind the target, as
suggested in the case of LRRs or for dynamic and regulatory
reasons like in the IκBα case [29,33].

Discussion
Repeat proteins are excellent models for studying the

sequence-structure-dynamics-function relationships because
of their simplified topologies that minimize long-range
interactions within the polypeptide chains. For this same
reason, several groups have used them as scaffolds for protein
design. Designed repeat proteins have higher thermal
stabilities than their natural counterparts. This higher stability
is a consequence of the implicit maximization of the gap
between the folded and unfolded states [26] in the case of
consensus-based design approaches [19,20] and the
minimization of an energetic function in the case of the de
novo design method based on Rosetta [31] which is another
strategy to maximize the aforementioned gap [34]. Although
quite successful, maximizing stability in designed proteins lead
to constructs with several limitations as a consequence of their
lack of flexibility. Energetic analysis on the ANK family showed
that natural ANKs contain much more energetic conflicts than
designed ones, mainly located in non-repetitive irregularities,
i.e., insertions and deletions, as well as in those residues
involved in protein-protein interactions [26]. These non-
periodic elements, that tend to disrupt the propagation of
symmetry on the global structure [35], are also responsible for
energetic conflicts when added to synthetic constructs like in
the case of DLRR_H2 and DLRR_I (Figure 1E and 1F). The high

thermal stability of highly periodic constructs like 4ANK, ANK3
or DLRR_A is affected by the presence of symmetry disrupting
elements, as in DLRR_H2 and DLRR_I. Natural repeat proteins,
exquisitely combine their modular structure with several
sources of instability to modulate the internal stability of
repeats as well as the repeat-repeat interaction energetics
which may be related to their biological functions [36,37]. This
plasticity allows them to adapt their interfaces to optimize
their binding properties to a given target with high affinities
and specificities. This was explicitly shown when analyzing all
ANKs structures that have been co-crystallized as being part of
a quaternary complex, where much of the energetic conflicts,
present at the binding interfaces, are released once the
complex is formed [26]. It is not surprising then that designed
repeat proteins that contain considerably less energetic
conflicts (Figure 1A-1F) are not as good at recognizing their
targets as the natural ones (Figure 1G-1I) which in turn can
display complex dynamic behaviours. By getting rid of most of
their energetic conflicts, while maximizing their stability,
designed repeat proteins may not keep enough local
instabilities to become more stable when complexing with
their interactors as natural ones and hence promote and drive
the recognition process.

Conclusion
Protein design strategies using repeat proteins as scaffolds

have made impressive advances with many already on going
applications [6] but still, the main paradigm consists on the
obtention of highly stable molecules which lead to some
limitations when more versatile binders are desired. These
designed proteins are well behaved to favour expression and
folding that can be further optimized for binding a specific
target [31,38]. On their side, most natural proteins are
marginally stable and biology has taken advantage of this
property and may have used it as a "spandrel" to develop
protein function [39]. The trade-off in between stability and
protein function has long been discussed in [40] and
references therein. In many cases, like in enzymes, the change
of key functional residues, like the catalytic ones, which often
possess unfavorable energetics, can dramatically increase
stability at the expense of activity [41,42]. In some repeat
proteins stabilization of the repeat array by consensus residues
have indirect consequences. It was shown that stabilization of
the 6th repeat on IkBa protein promotes the ordering of the
PEST region, increasing its resistance to degradation [43] and
functional properties [44] and has been related to be relevant
for several types of cancer, autoimmune diseases and other
pathologies [45]. The challenge in the design of repeat
proteins is to understand how to modulate the stability-
function trade-off so new functions can be imprinted on them
in a rational manner.

The increasing availability of sequences derived from
metagenomic studies along with the development and
adaptation of specific computational tools [35,46-48] and
databases [2,49] assists in the study of repeat proteins
properties and classification [50]. This in turn will facilitate to
tackle the different challenges repeat proteins pose [51] and

Biochemistry & Molecular Biology Journal

ISSN 2471-8084 Vol.3 No.1:3

2017

© Copyright iMedPub 3



help to dissect the details in each of their sequence-structure-
dynamics-function relationships. We believe that a deeper
understanding of natural repeat protein families and how they
conjugate stability and energetic conflicts will provide new
insights for improving the design of these molecules and the
obtention of better protein-protein interactors.

Figure 1: Frustration patterns in repeat proteins:
Configurational frustration patterns as calculated by the
Frustratometer algorithm are shown over the protein
structures. Red lines correspond to highly frustrated
interactions, i.e., interactions that are in energetic conflict.
Green lines correspond to minimally frustrated interactions,
i.e., interactions that are energetically minimized. Neutral
interactions are not shown in the graph, since they are too
many to be displayed. Proportion of minimally, neutral and
highly frustrated interactions for each residue in shown in
the plots under each structure. A) 4ANK; Pdb ID: 1N0R. B)
OR266 ANK3; Pdb ID: 4GMR. C) DLRR_A; Pdb ID: 4R58. D)
DLRR_G3; Pdb ID: 4R5D. E) DLRR_H2; Pdb ID: 4R6J. F)
DLRR_I; Pdb ID: 4R6F. G) Leucine rich repeat protein: Toll
like receptor 3; Pdb ID: 2A0Z. H) Ankyrin repeat protein:
IκBα; Pdb ID: 1IKN. I) Murine beta-catenin; Pdb ID: 2BCT.
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