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a b s t r a c t

Despite impressive successes in protein design, designing a well-folded protein of more 100 amino acids
de novo remains a formidable challenge. Exploiting the promising biophysical features of the artificial
protein Octarellin V, we improved this protein by directed evolution, thus creating a more stable and sol-
uble protein: Octarellin V.1. Next, we obtained crystals of Octarellin V.1 in complex with crystallization
chaperons and determined the tertiary structure. The experimental structure of Octarellin V.1 differs
from its in silico design: the (aba) sandwich architecture bears some resemblance to a Rossman-like fold
instead of the intended TIM-barrel fold. This surprising result gave us a unique and attractive opportunity
to test the state of the art in protein structure prediction, using this artificial protein free of any natural
selection. We tested 13 automated webservers for protein structure prediction and found none of them to
predict the actual structure. More than 50% of them predicted a TIM-barrel fold, i.e. the structure we set
out to design more than 10 years ago. In addition, local software runs that are human operated can sam-
ple a structure similar to the experimental one but fail in selecting it, suggesting that the scoring and
ranking functions should be improved. We propose that artificial proteins could be used as tools to test
the accuracy of protein structure prediction algorithms, because their lack of evolutionary pressure and
unique sequences features.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

A longstanding dogma in structural biology states that the ter-
tiary structure of a protein is largely determined by its primary
structure (Dobson, 2003). It is also widely accepted that in
evolution structure is better conserved than sequence, i.e. quite
diverging sequences fold into a similar tertiary structure at the
level of arrangement of secondary structure elements. Solving
the protein folding problem, i.e., predicting a protein’s tertiary
structure from its primary structure de novo is considered the
‘‘holy grail” of computational structural biology. Conversely, an
‘‘inverse protein folding problem” can be defined as, given a
three-dimensional structure often in the form of arrangement of
secondary structure element, the design of a sequence that folds
into the desired fold (Pabo, 1983). Besides its importance as a
fundamental question in biology, solving the inverse folding prob-
lem paves the way to engineering proteins with custom structures

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsb.2016.05.004&domain=pdf
http://dx.doi.org/10.1016/j.jsb.2016.05.004
mailto:maxifigueroa@udec.cl
mailto:c.vandeweerdt@ulg.ac.be
http://dx.doi.org/10.1016/j.jsb.2016.05.004
http://www.sciencedirect.com/science/journal/10478477
http://www.elsevier.com/locate/yjsbi


20 M. Figueroa et al. / Journal of Structural Biology 195 (2016) 19–30
and functions. In recent years, principles have been emerging and
great successes have been achieved in the design of small artificial
proteins, some with specific catalytic activities (Fleishman et al.,
2011; Koga et al., 2012; Kuhlman et al., 2003; Röthlisberger
et al., 2008). These breakthroughs are partly due to improvements
of dedicated algorithms, which can now explore vast regions of
conformational space with improved energy functions and in rea-
sonable time (Carbonell and Trosset, 2015). Due to the close rela-
tion of the protein folding problem with its inverse cousin, these
improvements are also illustrated by progress in protein structure
prediction as illustrated by CASP events over the last decade
(Kryshtafovych et al., 2014).

As an alternative to de novo protein design, directed molecular
evolution has been successfully developed to improve the struc-
tural and functional properties of natural enzymes (Tao and
Cornish, 2002). This approach, which exploits a simple iterative
Darwinian optimization process, has led to major improvements
of properties such as catalytic activity (Reetz, 2007), stability
(Eijsink et al., 2005) and solubility (Waldo, 2003). Not surprisingly,
directed evolution has also emerged as the best way to optimize
the properties of de novo designed enzymes (Khersonsky et al.,
2010; Ward, 2008) or even generate new catalytic functions, when
combined with computational methods (Chaput et al., 2008). This
‘‘black box” approach remains the most effective way to break
through the existing limitations of in silico design.

As negative results are greatly underreported in the field, it is
hard to determine the maximum protein size achievable with de
novo design. Considering the fact that for a given length of ‘‘n”
amino acids of artificial sequence protein, we have then 20n possi-
ble sequences. This creates a very large space to explore in order to
find the sequence(s) which can fold as the desired target. The abil-
ity of a software to explore and then select these sequences with
high accuracy is affected with each amino acids added to a
polypeptidic chain, not only for the new 20 possible amino acids
that could belong to the new position, but also for all the possible
interactions, geometry and effects at local and global level in the
protein structure that have to be tested. Then, the size of a de novo
designed protein really matters. The most convincing success of de
novo protein design – the TOP7 fold – has only 106 residues
(Kuhlman et al., 2003). However, de novo construction of a stable,
soluble single-domain protein of more than two hundred amino
acids is still a challenge. The few successes reported so far in the
construction of large artificial proteins often involved assembly
of multiple copies of the same motif, each not exceeding 40 amino
acids in length (Parmeggiani et al., 2008; Urvoas et al., 2010).
Among the last group, clearly protrudes from the rest the work
of Huang et al. (2016), where they clearly succeeded in the design,
production and characterization of an artificial TIM barrel protein
of 184 amino acids, taking advantage of the structural internal
symmetry of the protein, repeating four times the same motif.
Other approaches involve recombination of larger protein frag-
ments with a limited redesign of residues at the interface, an
approach that has been applied successfully to (ba)8 barrel pro-
teins (Eisenbeis et al., 2012; Fortenberry et al., 2011). Both
approaches, although very valuable, ultimately limit the structural
diversity that can be achieved with de novo designed proteins as
large portions of existing protein are reused as templates. The goal
of our ongoing Octarellin project is to design a well-structured
single-domain protein exceeding the (arbitrary yet appealing)
200-amino-acid threshold without considering any internal sym-
metry and with a (ba)8 fold.

Octarellins are artificial proteins, more than 200 amino acids
long, designed to adopt the (ba)8 fold characteristic of the archety-
pal TIM barrel. Work in our lab, based on various approaches, has
yielded several generations of Octarellins (Beauregard et al.,
1991; Figueroa et al., 2013; Goraj et al., 1990; Houbrechts et al.,
1995), but solubility and structural stability issues have prevented
us from determining the exact structure of any of them. Although
the secondary structure of one of the previous version, Octarellin V,
described in 2003 (Offredi et al., 2003), seemed compatible with
the in silicomodel, this protein failed to meet the technical require-
ments for NMR spectroscopy and X-ray diffraction.

In the present work, we have used directed evolution to opti-
mize the artificial protein Octarellin V to improve solubility and
stability. The optimized protein is called Octarellin V.1. We have
crystallized this protein with the help of different crystallization
chaperons and have determined its tertiary structure. As it turns
out, the experimental X-ray structure deviates from our idealized
(ba)8 design. This unexpected result has led us to take a close look
at the state of the art in automated protein structure prediction,
using, in CASP fashion, the primary structure of Octarellin V.1 as
sole boundary condition for several automated protein structure
prediction servers. The results demonstrate the shortcomings of
existing automated servers, as more than a half of them predicted
a (ba)8 structure, similar to the designed protein, while none of the
them could give us the real fold of the protein.
2. Results

2.1. Selection of a soluble variant of Octarellin V by directed evolution

More than ten years ago, in our attempt to address the inverse
folding problem, we designed the artificial protein Octarellin V
(Offredi et al., 2003). This protein displayed promising features as
it was not a molten globule and its secondary structure content
was compatible with the in silico design. However, the protein
was expressed in inclusion bodies and both stability and solubility
were unsatisfactory. To improve these properties and make the
protein amenable for further characterization, we have performed
eight consecutive rounds of error-prone-PCR-based directed evolu-
tion, using as retaining criterion the solubility of the protein inside
bacteria (see Section 4). The resulting chosen variant, dubbed
Octarellin V.1, displays 16 mutations located mainly in the N-
and C-terminal regions (93% sequence identity; Fig. 1).
2.2. Octarellin V.1 is more stable and better folded than its parent
protein Octarellin V

As directed evolution can alter the structure of an artificial pro-
tein, Octarellin V.1 was biophysically characterized in order to
compare it with both Octarellin V and the in silico design. Far-UV
circular dichroism (CD) spectroscopy analysis of Octarellin V.1
revealed �32%, and �22% of helical and b-strand content, respec-
tively (Figueroa et al., n.d.). These values are identical within error
limit to those determined by infrared spectroscopy (�30% and
�16%, respectively) and furthermore they are not significantly dif-
ferent from the values obtained for Octarellin V, hence suggesting
that the directed evolution process did not cause any significant
changes at the secondary structure level. At the tertiary structure
level, the Octarellin V.1 looks well folded NMR spectroscopy also
supports the presence of tertiary structure (Fig. 2), although we
conclude from the 153 out of a possible 217 signals in the 2D-
HSQC spectrum recorded at pH 7.0 that a portion of the protein
is either unstructured or highly mobile. Moreover, small-angle X-
ray scattering (SAXS, Fig. 2) revealed a minor difference between
Octarellin V and V.1 proteins in high q range (q > 0.28 Å�1), indicat-
ing changes among short distances smaller than about 20 Å
(Fig. 2a). In addition, the biophysical characterization of Octarellin
V.1 showed a thermostable protein with cooperative unfolding
(Figueroa et al., n.d.).



Fig. 1. Obtaining Octarellin V.1 by directed evolution. a) GFP-based screening for
soluble mutants was used through 8 rounds of directed evolution; the best clone of
each round is shown. b) SDS-PAGE analysis showing that the 16 mutations led to a
soluble protein (T: total fraction; I: insoluble fraction; S: soluble fraction). c)
Sequence alignment of Octarellin V and Octarellin V.1, highlighting in yellow the
mutations after directed evolution.
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All these results confirm the validity of directed evolution as a
tool for obtaining a more stable and soluble protein without signif-
icantly altering the tertiary structure. Interestingly, their SAXS
curves were found to deviate strongly from the theoretical one
(Fig. 2a, solid gray curve), indicating that neither Octarellin V.1
nor Octarellin V are folded as expected from the de novo design
model.
Fig. 2. Tertiary structure analysis by SAXS and 2D-NMR. a) SAXS curves of
Octarellins V (red) and V.1 (blue). They are almost superimposed, with differences
in the high-q range. From these curves, the radius of gyration (Rg) was estimated at
20.33 ± 0.3391 Å for Octarellin V.1 and 20.198 ± 0.834 Å for Octarellin V. The
expected SAXS curve for the in silico design is shown as well (green), denoting no
correspondence after q > 0.15 Å�1 with the experimental data (i.e. for distances
smaller than 40 Å), so the protein is expected to adopt a fold differing from the
intended one. b) 2D-HSQC NMR spectrum. Spectra were recorded at 65 �C in 50 mM
phosphate buffer, pH 7.0. The presence of 153 signals and their broad distribution
support the presence of a well-defined tertiary structure, but with some non-
structured regions.
2.3. The structure of Octarellin V.1 reveals a mismatch with its de novo
design

The apparent structural flexibility, combined with the lack of
promising nucleation hits, motivated us to use chaperons to crys-
tallize the optimized protein. To minimize the risk of misinterpret-
ing results, we chose two different crystallization chaperons and
compare the obtained structures of Octarellin V.1.

We thus selected two kinds of tailor-made binders boasting
excellent track records: nanobodies (Domanska et al., 2011;
Korotkov et al., 2009; Rasmussen et al., 2011) (also called VHH
antibody fragments) and aRep (Ferrandez et al., 2014; Guellouz
et al., 2013; Urvoas et al., 2010) proteins. The former, which are
well known, are single-domain antibody fragments derived from
a Camelidae species; the latter constitute a relatively new family
of artificial protein binders based on natural HEAT repeat proteins
(Guellouz et al., 2013; Urvoas et al., 2010). We obtained seven
monoclonal nanobodies (Nb) after a llama immunization with
1 mg of Octarellin V.1 (see Section 4) and were able to isolate
stable complexes with all of them, using size exclusion chromatog-
raphy. From a library of 1.7 � 109 clones, we selected four indepen-
dent aRep proteins (with a varying number of repeats), all of which
successfully formed complexes with Octarellin V.1. Isothermal
titration calorimetry confirmed 1:1 binding stoichiometry for all
complexes, with dissociation constants in the nanomolar range
for the nanobodies and in the micromolar range for the aRep chap-
erons (Figueroa et al., n.d.). Crystals of one nanobody-Octarellin V.1
complex were obtained, in two different polymorphs, P21 and
I4122, diffracting at 1.95 and 3.20 Å, respectively. In addition, one
aRep-Octarellin V.1 complex was successfully crystallized in the
P21 space group, diffracting at a maximum resolution of 2.22 Å.
The structure of the protein complexes were determined
(Fig. 3). Using the information of the nanobody and aRep proteins,
the molecular replacement technique was used to solve the phase
problem (see Section 4 and Table 1 for X-ray diffraction statistics).
The first crystal for the nanobody – Octarellin V.1 complex (P21)
showed two protein complexes per unit cell, whereas the second
crystal (I4122) showed only one. In both cases the structure of
the Octarellin is not complete, missing information in a segment
after the first strand between Pro9 and Arg37; the information
for the C-term is missing as well, having not electron density
between Phe192 and Ala217. The structure obtained from the
aRep-Octarellin V.1 complex is also incomplete. In this case, the
information between the amino acids Gly8 – P26, Phe35 – His39,
Gly62 – Glu65, Ala87 – Asp97, Ala114 – Gln123, Lys135 –
Asn147, Phe192 – Glu199, and Arg213 – Ala217 is missing. The
superimposition of the three Octarellin V.1 structures displays a
full agreement in the position of each secondary structure



Fig. 3. X-ray structure of Octarellin V.1. The Octarellin V.1 has been co-crystallized as complex using a nanobody (NB1) and also an aRep. Two different crystals have been
obtained for the complex NB1/Octarellin V.1 (spaces groups P21 and I4122). The crystal P21 has an unit cell consists of 2 nanobodies (light blue) and 2 Octarellins V.1 (whose
secondary structure elements (SSE) are in color: red (helices), yellow (strands) and non-ordered sections (green). The crystal belonging to the I4122 space group displays only
one complex per unit cell (nanobody in magenta and Octarellin V.1 colored by its SSE). The complex aRep/Octarellin V.1 has been crystallized in the space group P21 and it
display only one complex per unit cell (aRep in dark green and Octarellin V.1 colored by its SSE). The structure of Octarellin V.1 in each crystal is not complete, missing some
regions. However, the superposition of all the structures (right panel) shows the agreement of the overall fold between them, but also a complementarity: some regions that
are not present in one crystal can be observed in other crystal (blue and green, Octarellin V.1 from NB1/Octarellin V.1 P21 crystal; orange, NB1/Octarellin V.1 I4122 crystal;
red, aRep/Octarellin P21 crystal).
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elements. Moreover, there is a complementarity between the
structures: some segments not observed using the nanobody are
observed using aRep and vice versa. Using this complementarity,
and modeling the final missing parts, we built the final model of
Octarellin V.1 (Figs. 3 and 4a). These structures haven been depos-
ited into the Protein Data Bank under the identifiers 5BOP and
4ZV6.
From our consensus X-ray model (Fig. 4a), we conclude that
Octarellin V.1 does have a 3-layer (aba) sandwich architecture,
but with a topology reminiscent of the Rossmann fold (Rao and
Rossmann, 1973), rather than the expected TIM-barrel fold. All four
relevant hits [score >2.0] obtained when searching against the
CATH domain database have the 3.40.50 Rossmann fold topology.
The fold of Octarellin V.1 differs, however, from the canonical Ross-



Table 1
Data collection and refinement statistics (molecular replacement).

Nanobody – Octarellin V.1 Nanobody – Octarellin V.1 aRep – OctarellinV.1

Data collection
Space group P21 I4122 P21
Cell dimensions
a, b, c (Å) 54.92, 62.86, 95.11 100.03, 100.03, 158.42 73.13, 42.02, 85.19
a, b, c (�) 90, 96.217, 90 90, 90, 90 90, 106.35, 90

Resolution (Å) 49.67–1.95 (2.00–1.95) 19.85–3.20 (3.28–3.20) 47.10–2.22 (2.28–2.22)
Rmerge 3.9 (181)% 13.6 (64.1)% 8.5 (118.2)%
I/rI 8.51 (0.90) 18.8 (3.1) 16.15 (0.75)
Completeness (%) 97.5 (96.6) 99.3 (99.5) 98.8 (98.9)
Redundancy 2.3 (2.2) 4.3 (3.9) 3.7 (3.9)

Refinement
Resolution (Å)
No. reflections 210180 (14392)/89920 (6596) 54584 (3721)/12606 (948) 90942 (6881)/24372 (1771)
Rwork/Rfree 19.21/23.49 26.81/29.96 23.25/28.68
No. atoms 4725 2192 3404
Protein 4574 2192 3404
Ligand/ion 0 0 0
Water 151 0 0

B-factors 44.31 (14.83–122.09) 62.35 (7.90–151.23) 66.51 (29.15–130.46)
Protein 44.5 62.35 (7.90–151.23) 66.51 (29.15–130.46)
Water 37.5 – –

R.m.s. deviations
Bond lengths (Å) 0.011 0.006 0.009
Bond angles (�) 1.227 1.019 1.226

Values for the highest resolution shell are given in between brackets. CC1/2 values were used as a guide for selecting the highest usable resolution shell (Karplus and
Diederichs, 2012).
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mann fold in the connectivity of the secondary structure elements.
This could mean that Octarellin V.1 displays a new fold. Whereas
the archetypal Rossmann topology consists of two domains (S6||
S5||S4||S1||S2||S3) with all b-strands having parallel contacts (||).
The central b-sheet in Octarellin V.1 has an architecture of (S8||
S7||S3||S4||S5xS1xS6) with two antiparallel b-strand contacts (x),
suggesting that ‘‘Rossmann-like fold” is a more appropriate desig-
nation. To check that the protein has the same structure in solution
and that this result is not an artifact produced by interaction with
the binders, we performed a SAXS analysis, comparing the experi-
mental data with the theoretical SAXS curve obtained from the 3D
coordinates of the protein (Supporting Fig. 1). The computed SAXS
curve showed an almost perfect fit with the experimental data,
indicating that the structure of the protein in solution is the same
as that observed in the protein complexes.

Analyzing the experimental structure and comparing it with its
de novo design (Fig. 4a), we expected the first b-strand to be
flanked by S2 and S8, but this is not the case. Rather, S1 is neigh-
bored by S5 and S6. Most surprisingly, the orientation of S1 is
anti-parallel to the sheet. The significant structural discrepancy
between the computational TIM-barrel design and the experimen-
tal model is readily apparent from the global distance test – total
score (GDT_TS = 28.7) and local-global alignment (LGA = 26.8)
(Keedy et al., 2009; Zemla, 2003) values obtained upon comparing
the two structures. Octarellin V.1 clearly deviates from our design
at fold level. This raises the question: does the design also fail at
the secondary structure level? Largely, the answer is no (Support-
ing Fig. 2). Broadly speaking, Octarellin V.1 has seven of the eight
predicted b-strands (the expected S2 is a loop in our X-ray model)
and six confirmed helices out of the expected eight (the expected
H1 is mostly a loop, and we could observe only a fraction of the
residues that should constitute H8). DSSP analysis of the two struc-
tures revealed that roughly 74% of the designed secondary struc-
ture features are present in the final structure, with the obvious
reservation that H8 still awaits experimental verification. Analyz-
ing the (ba) motifs, we observed five of the expected eight, and
the correlation at structural level is quite good in those motifs
(Supporting Fig. 3). Moreover, the region of the protein between
amino acids Glu55 and Phe134, appears to be well designed
(Fig. 5c), having an almost perfect structural alignment between
the de novo design and the actual structures. All these analyses
suggest that our protein was essentially well designed at sec-
ondary structure level, but that it lacks the interactions among sec-
ondary structure elements required to get the intended tertiary
structure and thus displays a fold differing from the in silico model.

2.4. Can automated protein structure prediction tools predict the
structure of Octarellin V.1?

An interesting question is whether this global structural mis-
match could have been predicted with current structure prediction
algorithms. To answer this question, we submitted the sequence of
Octarellin V.1 to the 13 top-ranking protein structure prediction
servers from the CASP10 event (Huang et al., 2014; Tai et al.,
2014) (www.predictioncenter.org). We obtained 49 models (21
de novo, 25 threading, and 3 homology modeling models). These
models were analyzed (LGA (Keedy et al., 2009; Zemla, 2003)),
clustered (STRALCP (Zemla et al., 2007)), and ranked according to
their structural proximity to the target X-ray model (by decreasing
normalized GDT_TS value; see Fig. 5a and Supplementary Table 1).
The best-scoring model (model1_PMS; N GDT_TS = 30.5) performs
only marginally better than our de novo design (Supplementary
Table 1, Octarellin V de novo design values; N GDT_TS = 28.7).
We detect no obvious correlation between the rank of a model
and the corresponding method of structure prediction, i.e. de novo
modeling and threading are equally good/poor at predicting the
target structure. The three models produced by homology model-
ing score towards the lower end of the ranking. This is logical,
given the extremely low sequence identity to any known (natural
or artificial) protein, as finding a meaningful starting model is
highly improbable. Clustering demonstrates that the models fall
essentially into two groups (Fig. 5b): TIM barrels (and modifica-
tions thereof; 27 structures) and others (a heterogeneous group,
some of which are indeed Rossmann-like folds, see for example
the Raptor hits: RaptorX and model_1_RaptorDom; 22 structures).
Surprisingly, nine out of the top ten models, according to the

http://www.predictioncenter.org


Fig. 4. Structure analysis. a) Comparison of the de novo design model with the actual structure of Octarellin V.1. The different folds are shown, and also the expected
secondary structure elements; note that the expected strand 2 (S2), helix 1 (H1), and the majority of the helix 8 (H8) are missing in the actual structure. b) Structural location
of the mutations obtained by directed evolution. The sixteen mutations obtained after the directed evolution process are highlighted in the final model produced from the X-
ray data. Most of the mutations are present in the surface of the protein.
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GDT_TS ranking, are TIM(-like)-barrels, an interesting result since
the design goal was a TIM-barrel. LGA analysis using the design
structure as a reference shows an improvement in the overall
result (<GDT_TS>X-ray = 20 ± 5, <GDT_TS>Design = 29 ± 14), the TIM-
barrel models being the strongest climbers (see Fig. 5 and Supple-
mentary Table 2). It thus seems that the majority of tested servers
(8 out of 13) gravitate more towards our theoretical design than
towards the experimentally obtained model. Interestingly, the
apparently well designed region of the protein, between amino
acids Glu55 and Phe134, is also well predicted by different web-
servers (Fig. 5c). This region is the main contributor to the fact that
TIM barrel models are present at the top of the GDT_TS ranking.
2.5. At which stage could automated structure prediction algorithms
fail? Structure prediction of Octarellin V.1 with BCL::Fold

Protein structure prediction algorithms fail for one of two rea-
sons: failure to create the correct topology (sampling) or difficul-
ties in identifying the correct topology by superior energy
(scoring). As the precise reason for failure is difficult to assess from
automated on-line methods, where only a limited set of models is
returned to the user, we created 20,000 models of Octarellin V.1
with the folding algorithm BCL::Fold (Karakas� et al., 2012). BCL::
Fold is particularly suited for this test of sampling efficiency, as it
assembles secondary structure elements in space, thereby directly
enumerating the vast space of possible protein topologies. Encour-
agingly, BCL::Fold did not sample the (ba)8 TIM-barrel fold for
Octarellin V.1 but suggested a wide variety of folds with the
(aba) sandwich architecture being the most frequent among a
number of more complex architectures. The most accurate topol-
ogy sampled has a RMSD100 value of 7.3 Å, a GDT_TS score of
45.4, for secondary structure elements only, and a N GDT_TS = 30.8
when loops have been added. Because of ambiguous secondary
structure predictions, S2 as well as H1, H5 and H8 were missing
from this model. All remaining a-helices (H2, H3, H4, H5, H7) agree
in location with the consensus X-ray model (Fig. 4a, Supporting
Fig. 4). The central b-sheet has a S8||S4||S5||S3||S7||S1||S6 topology,
i.e. it is all parallel with b-strands S1, S6, and S8 in identical posi-
tions with Octarellin V.1. Further, the contacts between S4||S5 and
S3||S7 are correctly predicted (Supporting Fig. 4). The study
demonstrates that at least in the case of BCL::Fold current de novo
structure prediction algorithms fail to sample the Octarellin V.1
fold although they sample topologies that reproduce the majority
of the fold’s features.
3. Discussion

Protein design, known as the inverse folding problem, involves
screening the vastness of protein sequence space to identify candi-
date sequences, which can fold into a predefined tertiary structure.

Computational design enables us to engineer protein folds not
yet observed in nature thereby increasing space of protein tem-
plate structures available for engineering. This paradigm has led
to impressive advances, particularly in designing proteins of
around 100 amino acids or less (Koga et al., 2012; Kuhlman
et al., 2003), and most recently with a full TIM barrel protein
thanks to the internal structural symmetry displayed by this fold
(Huang et al., 2016). The sTIM of Huang et al. has been designed
using an approach different to that used by us for Octarellin V: they
have considered a quarter of the protein and then, thanks to the



Fig. 5. Automated structure prediction tools evaluated using Octarrelin V.1. a) GDT_TS evaluation of the different models. The 49 models were analyzed against the
experimental structure of the Octarellin V.1. They were ranked according to their GDT_TS values (blue bars). A comparison of the models with the de novo design model (TIM
barrel) is also presented (red bars), showing an increase in the GDT_TS values. b) Dendrogram of the structural clustering of all of the models created from the Octarellin V.1
sequence, using a pairwise euclidean distance protocol. Two main branches are distinguished: models with a TIM-barrel-based fold, and those with other kinds of fold. c) A
portion of Octarellin V.1 appears as a ‘‘well designed region” (red region) because it matches the de novo design (orange region) and because it was well predicted in several
models (examples: Raptor X model, blue region, and model 1 from the PMS server, green region).
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symmetry, replicated it in the space to get the full protein, instead
of a full idealized backbone as we described for our protein back in
2003. Protein design is the most stringent test to validate current
knowledge about the protein sequence-structure-function rela-
tionship. In particular, large proteins are involved in countless cel-
lular processes, and the capacity to design proteins of any size and
structure, and subsequently any function, will be crucial to syn-
thetic biology. A major advance has been accomplished by
Brunette et al. (2015) and Koga et al. (2012), who have determined
some rules to design proteins and then successfully applied them
to design large artificial proteins.

The Octarellin project began many years ago with this central
hypothesis: before attempting to engineer a large new fold not
existent in nature, it must be possible to de novo engineer a large
protein fold that is well represented in nature – i.e. it is known that
a large and diverse set of sequences exist that adopt this fold. The
(ba)8 or TIM-barrel fold became focus of the project as it is one of
around ten superfolds (Orengo et al., 1994) and is present in a mul-
titude of enzymes with a wide range of functions. This choice offers
1) an opportunity to test protein design protocols on a fold with
more than 200 amino acids and 2) the prospect of using a well-
designed TIM-barrel protein as an artificial scaffold to create syn-
thetic enzymes or other functional proteins.
In the present work, we describe the structure of Octarellin V.1,
which was derived from the in silico design Octarellin V through a
process of directed evolution. Although the design strategies used
for Octarellin V are somewhat outdated given the considerable
advances in the field over the last decade, its native-like properties
and promising biophysical features made it the most promising
starting point among Octarellins designs so far.

Octarellin V.1 shows 16 mutations (93% identity to the parental
Octarellin V). Its increased solubility and stability demonstrate the
validity of applying directed evolution to an artificial protein to
improve these features without changing its structure. Most of
the mutations are located at the surface of the experimentally
determined structure (Fig. 4b). Interestingly, Octarellin V is proline
free, but four prolines appeared in the course of the directed evo-
lution process (L9P, Q16P, L26P and L210P). This is more than
the number expected to arise through random mutagenesis. It
strongly suggests that the prolines introduced may be at least
partly responsible for the improved solubility and stability of
Octarellin V.1. This notion is supported as many studies on natural
proteins having shown that prolines play a role in both protein sol-
ubility (Pande et al., 2005; Steward et al., 2002) and protein stabil-
ity (Eijsink et al., 2004; Hardy et al., 1993; Jaenicke, 2000;
Mainfroid et al., 1996; Vanhove et al., 1996).
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Determination of the tertiary structure of Octarellin V.1 was
straightforward, thanks to the use of crystallization chaperons.
Using nanobodies and aRep proteins, we created stable protein
complexes with improved chances of crystallization. Determining
the tertiary structure was also facilitated by using the structure of
the crystallization chaperons for molecular replacement in order
to solve the phase problem. The structure of Octarellin V.1 in
the complexes obtained is not complete, but the structures are
complementary, showing always the same fold. Experimental
SAXS analysis on Octarellin V.1 yields a perfect match with the
SAXS curve computed from the tertiary coordinates of Octarellin
V.1 (Supporting Fig. 1) confirming that the protein structure has
not been altered by the crystallization chaperons. Moreover, the
tertiary structure information may explain the low m values
observed experimentally. These are significantly lower than pre-
dicted (i.e. �21.4 kJ mol�1 M�1 and �10.4 kJ mol�1 M�1, for urea
and GdmCl respectively) from the size of the protein (Myers
et al., 1995). Such discrepancy might be the result of unfolding
being not fully cooperative (i.e. not two-state), which is inconsis-
tent with our observation that fluorescence and CD data coincide
in the presence of urea (and also with the absence of ANS binding
in the presence of denaturant, data not shown). Alternatively, the
low experimental m values suggests that less surface becomes
solvent accessible upon Octarellin unfolding. This is in good
agreement with data indicating that the native state is actually
partially disordered, specifically at the C-term and between S1
and H2 regions. The number of observed peaks in the 2D-HSQC
NMR experiment support this observation as well. The observed
number of residues in each obtained crystal is consistent as well
with the low m value: around 160 amino acids are observed in
each crystal structure. Considering that both crystallization help-
ers are stabilizing the Octarellin V.1, it is expected to observe
more residues than those observed in solution in the NMR
experiment (Fig. 2b).

While the alternating pattern of b-strands and a-helices is
largely present and also assembles in the typical bab motif, the
overall arrangement deviates considerably from a (ba)8-barrel.
The original vision governing the design of Octarellin was that of
a protein with the shortest possible sequence conducive to folding
into an idealized TIM barrel with minimalistic loop segments. This
design is not particularly forgiving – there is very little margin for
error, even at the level of secondary structure: most natural TIMs
have at least eight (ba)-units forming a self-closing barrel although
rare instances of (ba)7, and even (ba)6 that form ¾-barrels are
known (Ochoa-Leyva et al., 2013).

Nevertheless, Octarellin V and Octarellin V.1 represent an inter-
esting mode of ‘failure’ in protein design that has been observed
before: Bharat et al (Bharat et al., 2008) discuss also an attempted
(ba)8-barrel design by fragment recombination that also succeeded
on the secondary structure and bab motif level, but failed to
achieve the target (ba)8-topology. In both cases secondary struc-
ture and local tertiary structural features largely agree with the
original design. However, the target (ba)8-barrel fold is energeti-
cally frustrated pushing the protein to adopt an alternative topol-
ogy that is destabilized and less soluble when compared to
typical naturally occurring proteins (Eisenbeis et al., 2012). Argu-
ably, these are cases of being ‘almost right’ or having created a
so-called ‘hopeful monster’ (Bharat et al., 2008) where a potentially
small number of frustrations prevent the protein from adopting the
target (ba)8-barrel fold.

In this case, we have here an original tool not just for under-
standing where the in silico design algorithm failed, but also to test
de novo folding algorithms. If de novo folding algorithms are suffi-
ciently accurate to recognize sequences as unlikely to fold into
(ba)8-barrel fold, unsuccessful designs could be discarded prior
to experimental validation. In our case this experiment failed for
the most part – a large number of automated algorithms predicted
the (ba)8-barrel fold. This result is more intriguing if we consider a
recent work where it is demonstrated the evolutionary relation-
ship between flavodoxin and TIM-barrel folds (Farías-Rico et al.,
2014), considering that the actual structure of Octarellin V.1 is
related with the flavodoxin fold. This raises an important question:
are protein structure prediction algorithms, even if classified as ‘de
novo’, biased towards folds over-represented in the PDB such as
(ba)8-barrels? This question is particularly interesting in the pre-
sent scenario as the bias cannot be related to the respective pro-
portions of entries for the various folds: there are over two times
more Rossmann fold structures (CATH ID: 3.40.50-10922 entries)
than (ba)8-barrels (CATH ID: 3.20.20-4277 entries) in the Protein
Data Bank (PDB).

In the represent case, a more likely type of bias might be linked
to the fact that few so-called ‘de novo’ folding algorithms are actu-
ally de novo in the sense that no templates from the PDB are used
to construct the model. For example, Rosetta (Gront et al., 2011)
assembles the tertiary structure from fragments consisting of up
to nine residues. This sequence is long enough to span part of a
b-strand, the connecting loop and a turn of a subsequent a-helix
and vice versa. Consequently, local sequence similarity to a
(ba)8-barrel structure in the PDB results in an abundance of frag-
ments from such barrels creating a bias in predicted structures
towards a (ba)8-barrel fold. Similarly, the methods I-TASSER (Roy
et al., 2010) and QUARK (Zhang, 2014) also assemble the tertiary
structure from fragments, which are chosen based on sequence
and secondary structure similarity. In a strict sense these methods
perform comparative modeling combining a large number of tem-
plates. We argue that the initial secondary structure prediction
step that most servers perform to guide the fold selection process
in conjunction with local sequence motifs seen on (ba)8-barrel can
mislead de novo folding algorithms if they reuse fragments from
the PDB. This type of bias can even be observed when some of
the eight ba motifs cannot be confidently predicted by secondary
structure prediction algorithms. Neither psipred (Buchan et al.,
2013) nor jpred3 (Cole et al., 2008) predicted a (ba)n sequence,
let alone hitting the n = 8 mark.

None of the tested protein structure prediction servers could
even remotely predict the structure we observe experimentally.
This is reflected in the average GDT_TS value we obtained, i.e. 16,
as compared to 28 for the mean value of the most recent CASP10
event (Tai et al., 2014). This demonstrates that Octarellin V.1 is
indeed a particularly difficult target for protein structure predic-
tion, perhaps in part for lack of clear homologous at sequence level.
Had we performed a blind test, it is more than likely we would
have concluded that Octarellin V.1 is a TIM-barrel. This case study
thus highlights critical shortcomings in current structural predic-
tion approaches. When contrasting these results obtained by auto-
mated servers with a human-guided prediction algorithm that
abstains from using fragments from the PDB (BCL::Fold), the cor-
rect aba-fold is frequently sampled with a-helices in the correct
location but the topology of the b-sheet deviating form that
observed in the experimental models. This finding indicates that
in the present case the sampling problem was not yet completely
solved – the correct fold was not sampled, only similar ones. The
remarkable consensus of different protein structure prediction
methods on a topology that significantly deviates from the exper-
imentally determined structure makes Octarellin V.1 an intriguing
benchmark protein for protein structure prediction groups to
tackle current shortcomings of the algorithms.

In conclusion (Fig. 6), we believe that the number of registered
protein folds could be drastically increased by reporting failed
protein designs and depositing their experimental structure
into the Protein Data Bank. This way, new possible conformations
could be studied and those data could help to improve the



Fig. 6. Combination of protein design with protein structure prediction techniques
could help to increase the number of novel structures into the Protein Data Bank. (a)
The Protein Data Bank (PDB) mainly consists of natural proteins, and the structural
information obtained is translated into knowledge used to understand the
sequence-structure relationship (b). This knowledge either used to predict protein
structures, using only the sequences of the protein targets, or to design proteins
using a backbone as target (c). This last process is completely in silico. In our case,
we have combined the two processes, using an idealized TIM-barrel backbone to
obtain a sequence capable to fold as the target; the obtained sequence has then
been used as ’input’ to predict its structure, in order to corroborate the design. As a
matter of fact, the predicted structure was in most of the cases a TIM-barrel.
However, once the experimental structure was solved (d), the actual structure
differed from the design and structure predictions. In general, we believe the failed
designs can now feed the PDB with new structures/folds enlarging the spectrum of
possible conformations, which ones can be taken in account in future algorithms for
protein design or protein structure predictions.
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parametrization of software which are used to predict protein
structure and/or design new proteins.

From this perspective, it seems fundamental that researchers
report all their designed proteins, both the successful and failed
ones, and deposit their experimentally-determined structure into
the PDB. Protein structure prediction based on de novo techniques
could definitely benefits from the increase of the number of known
sequence-fold relationships and from the subsequent improve-
ment of future algorithms.
4. Materials and methods

4.1. Directed evolution by error-prone PCR

Random mutagenesis of the Octarellin gene was performed by
error-prone PCR with the GeneMorph II random Mutagenesis Kit
(Stratagene, USA), performing 20 cycles of amplification with
100 ng target DNA sequence. The Octarellin variants were cloned
in fusion with the GFP gene in a modified pET21 vector. We used
the GFP-based screening methods described by Waldo (2003) to
analyze the libraries. After 8 cycles, we identified a clone with a
soluble phenotype inside the bacteria, and we have denominated
it Octarellin V.1.
4.2. Cloning, production, and purification of Octarellin

Octarellin V and V.1 were subcloned into the pJB122 expression
vector (given by Jonathan Blackburn). Octarellin V was purified
from inclusion bodies as it was previously reported (Offredi
et al., 2003). Octarellin V.1 was produced in BL21(DE3) at 37 �C
after 4 hours of induction (IPTG 1 mM). The protein was purified
by ionic exchange and size exclusion chromatographies.
4.3. NMR measurement

Using Octarellin V.1 at 0.2 mM in 50 mM phosphate, pH 7.0, the
NMR spectra were measured at 500 MHz 1H frequencies on Bruker
Avance spectrometer equipped with a TCI cryoprobe. NMR experi-
ments were performed at 338 �K. The NMR data were processed
with TopSpin 2.1 software (Bruker).

4.4. SAXS

SAXS experiments were carried out using the Nanostar instru-
ment (Bruker, Karlsruhe, Germany), with X-rays generated by a
rotating anode (Cu Ka, wavelength k = 1.54 Å). The scattered X-
rays were collected at 20 �C using a 2D position sensitive detector
(Vantec) positioned at 710 mm from the sample. SAXS data were
averaged and background subtracted using the program package
PRIMUS (Konarev et al., 2003). Data were collected in a 50 mM
phosphate buffer pH 8.0. The calculated curve was obtained by
using the program Crysol (Konarev et al., 2003) from the crystal
structure by adding missing residues using the program Modeller
(Eswar et al., 2001).

4.5. aRep selection, production and purification

The selection was done as previously described using aRep
library 2.1 (Guellouz et al., 2013; Tiouajni et al., 2014) using
40 mg/mL of Octarellin V.1 coated on a micro-titer ELISA plate. Pos-
itive aRep genes were sub-cloned in the pQE81L vector (Qiagen)
for aRep production and purification.

The protein were produced in Escherichia coli BL21(DE3). The
purification was performed in two chromatographic steps (IMAC
and size exclusion chromatography).

4.6. Nanobody production and purification

The in vivo nanobody production was performed by llama
immunization (six times) with 1 mg in total of purified Octarellin
V.1 over a period of 6 weeks, and the nanobodies were obtained
according to Pardon et al. (2014). The in vitro production of
nanobodies was performed in E. coliWK6(Su�) in TB media supple-
mented with ampicillin. The purification protocol was the same
than used to purify aRep proteins.

4.7. Protein crystallization

The seven complexes nanobody/Octarellin V.1 (10 and 5 mg/mL)
plus one complex aRep/Octarellin V.1 (21 and 10 mg/mL) were
submitted to crystallization screening using hanging drop vapor
diffusion technique with the commercial screening INDEX, Crystal,
and Crystal II (Hampton Research); and by sitting drop technique
using the commercial screenings Clear Strategy I and II, JSCG Plus
(Molecular Dimensions), and JBSC Basic HTSL (Jena Bioscience)
assisted by Crystal Phoenix robot (Art Robbins). All the screenings
were performed at 18 �C.

4.8. Structure resolution

All diffraction data were collected at 100 K using synchrotron
radiation, and data sets of diffracting crystals were processed with
the XDS suite (Kabsch, 2010) using Xscale for scaling and merging
of the reflections. Initial data quality was assessed in phenix.
xtriage (Adams et al., 2010). Phase information was obtained by
molecular replacement with the PHASER program (McCoy et al.,
2007) in the CCP4 software package (Winn et al., 2011). The Nano-
boy/Octarellin V.1 data sets were phased using a CDR-loops trun-
cated nanobody (PDB: 1MVF) as search model. For the phasing of
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the aRep/Octarellin V.1 dataset we used a single repeat of an arti-
ficial alpha helicoidal repeat protein (PDB: 3LTJ). The Phenix.Auto-
Build program (Adams et al., 2010) was used for automated model
building. Model building was finalized by manual building cycles
in Coot (Emsley and Cowtan, 2004), alternated with refinement
using Phenix.Refine (Adams et al., 2010). Temperature factors of
the P21 and I4122 Nanobody/Octarellin V.1 structures were
refined through TLS refinement using 16 and 9 groups, respec-
tively. The amount of TLS groups used during refinement was
determined by the TLSMD server (Painter and Merritt, 2006). The
temperature factors of the aRep/Octarellin V.1 structure were
isotropically refined. The obtained models were validated with
the Molprobity server (Davis et al., 2007). All structure figures were
prepared in PyMOL (http://www.pymol.org/). Data collection and
processing statistics are summarized in Table 1.
4.9. Tertiary structure prediction using webservers

The webservers:

- Robetta (Bradley et al., 2005) (http://www.robetta.org),
- iTasser (Roy et al., 2010) (http://zhanglab.ccmb.med.umich.
edu/I-TASSER/),

- PMS (Joo et al., 2014) (http://lee.kias.re.kr/~protein/wiki/doku.
php?id=model:submit),

- RaptorX (Källberg et al., 2012) (http://raptorx.uchicago.edu/
StructurePrediction/predict/),

- GeneSilico (Kurowski and Bujnicki, 2003) (https://genesilico.pl/
meta2/),

- HHPred (Söding et al., 2005) (http://toolkit.tuebingen.mpg.de/
hhpred),

- Lomets (Wu and Zhang, 2007) (http://zhanglab.ccmb.med.
umich.edu/LOMETS/),

- Quark (Xu and Zhang, 2012) (http://zhanglab.ccmb.med.umich.
edu/QUARK/),

- SamT-08 (Karplus, 2009) (https://compbio.soe.ucsc.edu/SAM_
T08/T08-query.html),

- PsiPred (Buchan et al., 2013) (http://bioinf.cs.ucl.ac.uk/psipred/),
- Multicom (Cheng, 2008) (http://casp.rnet.missouri.edu/
multicom_3d.html),

- Tasser (Zhou and Skolnick, 2009) (http://cssb.biology.gatech.
edu/skolnick/webservice/TASSER/index.html)

- BCL::Fold (Karakas� et al., 2012) (http://www.meilerlab.org/
index.php/servers/show?s_id=12),

were used to model the 3D structure of the Octarellin V.1 using the
default parameters. The best five models (when it was possible)
were considered by further analysis. In total, 49 models were con-
sidered in this study.
4.10. Models comparison and clustering

The 49 models produced by the protein structure prediction
webservers were compared structurally with the actual structure
of Octarellin V.1 or the in silico designed Octarellin V using the
LGA approximation (Zemla, 2003) (http://proteinmodel.org/
AS2TS/LGA_list/lga_pdblist.html), and the models were ranked
according with their GDT_TS value and normalized GDT_TS value.
The normalized GDT_TS value is obtained through the normaliza-
tion of the GDT_TS by the number of amino acids modeled. All
the models were clustered using the STRALCP tool (Zemla et al.,
2007) (http://proteinmodel.org/AS2TS/STRALCP/index.html) and a
dendrogram with this information was created to well visualize
the relationship among the different models.
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