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ABSTRACT: Designing proteins with novel folds remains a
major challenge, as the biophysical properties of the target
fold are not known a priori and no sequence proﬁle exists to
describe its features. Therefore, most computational design
eﬀorts so far have been directed toward creating proteins that
recapitulate existing folds. Here we present a strategy centered
upon the design of novel intramolecular interfaces that
enables the construction of a target fold from a set of starting
fragments. This strategy eﬀectively reduces the amount of
computational sampling necessary to achieve an optimal
sequence, without compromising the level of topological
control. The solenoid architecture has been a target of
extensive protein design eﬀorts, as it provides a highly modular platform of low topological complexity. However, none of the
previous eﬀorts have attempted to depart from the natural form, which is characterized by a uniformly handed superhelical
architecture. Here we aimed to design a more complex platform, abolishing the superhelicity by introducing internally
alternating handedness, resulting in a novel, corrugated architecture. We employed our interface-driven strategy, designing three
proteins and conﬁrming the design by solving the structure of two examples.
KEYWORDS: alternating handedness, novel fold, protein design, protein structure, repeat protein
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have made them excellent platforms for investigating sequencestructure relationships and dissecting the energetics of protein
folding.2 They have also served a wide range of applications as
antibody-like tailored synthetic binding proteins selected from
libraries, and some have even progressed to late-stage clinical
trials.3 Because of their favorable biophysical properties, they
have also been developed into crystallization chaperones.4
Initially, design eﬀorts on solenoids were aimed at generating
more robust variants through sequence idealization.5 More
recently, the vast potential of solenoid proteins as tunable
scaﬀolds has motivated computational design aimed at
expanding the available repertoire of solenoid conﬁgurations
with atomic accuracy.6 These controlled geometries have
included previously unobserved forms. However, despite this
considerable success, to date the general solenoid architecture
has not been altered. Here we aim to move beyond the
solenoid, exploiting an incremental increase in the topological
complexity to create a corrugated arrangement so far not
observed in nature.
Solenoid proteins are characterized by a uniform connectivity between repeat units and thus wind into a continuous

omputational design has thus far been very successful in
diversifying the geometries and sequences of existing
folds. This has been largely assisted by the presence of one or
more starting structures for redesigning a particular fold, and
the associated data that underpin its sequence determinants. In
contrast, designing novel folds with a predetermined backbone
blueprint, while oﬀering a vast new range of designable folds,
renders the gross sequence and rotamer sampling problem
intractable. A fragment-based approach can greatly reduce this
search space, as starting building blocks already carry intrinsic
folding information. In addition to maintaining control over
the level of adherence to a target fold, this approach also oﬀers
the possibility of coarse-graining the assembly problem by
choice of the building block sizes. The latter may range from
secondary structural elements to large subdomain or domainsized fragments.1 This eﬀectively decomposes the problem into
searching for optimal interfragment interfaces and loops. This
promises to focus the available computing resources on
accurately and exhaustively exploring restricted spaces, instead
of sparsely exploring much larger ones. Here we demonstrate
the capacity of this interface-driven approach as an eﬃcient
means for novel fold design.
For many years repeat proteinsin particular solenoids
have been a central topic of protein design. Unlike globular
proteins, their low contact order and compositional uniformity
© 2018 American Chemical Society
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Figure 1. Solenoid repeat, corrugated repeat and design strategy. (A) Natural solenoids have repeats with a single junction type (blue circle) and a
uniform handedness; they can thus be described by a sawtooth wave. The wave represents the torsion angle along the superhelical axis between the
ﬁrst and the nth residue. (B) A corrugated fold, represented by a triangle wave, would entail bihanded repeats, and thus require two junction types;
Figure S9 shows actual values for idealized templates. (C) A two-stage strategy of interface design and loop construction; Geo: geometric ﬁltering
calculations, PMF: Potential of mean force energy calculations, RFD: Rotational force dissipation simulations. The target fold is built from a fourhelix-bundle (orange) and its translational symmetry image (purple); top panel. The interface was then spanned by a grafted loop (purple); bottom
panel.

superhelix.7 This implies a single interunit junction type
(deﬁned as an interface and a connecting loop), where the
units are bound to possess the same handedness. A waveform
description of this periodic fold can be made by plotting the
change in dihedral angle around the superhelical axis versus
sequence position, which takes the form of a sawtooth wave
(Figure 1A and Figure S9). The next step in complexity
involves the alternating use of two junction types with opposite
handedness; under the waveform description this topology
adopts the form of a triangle wave (Figure 1B and Figure S9).
Such a bihanded topology can be obtained by doubling the size
of the building block and introducing a new junction of the
opposite handedness to that of the starting block. In contrast
to solenoids, the alternating handedness eliminates supercoiling. Here we have taken this approach to construct the
corrugated target architecture, using an interface-driven design
strategy that builds upon existing, simpler structural blocks and
minimizes the amount of sampling required to achieve a target
fold.

arbitrarily posed building blocks. This arbitrary docking step is
only constrained by N- to C-terminal distance between the two
blocks, a distance that can be deﬁned by the allowed loop
length. The second stage is aimed at contructing a loop across
this interface.
We began by compiling a set of four-helix-bundles from the
Protein Data Bank (PDB) that satisﬁed a set of geometric
criteria deﬁning regularity, bundle height range, and internal
hairpin similarity. Initial poses were built between the bundle
backbones and their translation images. The relative
orientations were made to minimize the twist and curvature
at the connecting interface along the central axis. This step was
followed by the main sampling routine, where a combination
of sequence sampling, side chain rotamer sampling, backbone
reﬁnement, and rigid-body docking were performed with an
initially softened steric repulsion term. For eﬃcient sampling,
diﬀerent iterations of the main Monte Carlo sampling loops
were interlaced with a geometric ﬁlter. The latter being aimed
at eliminating solutions with poor residue packing quality,
before further rounds of design are resumed. The sequence
sampling was restricted to the interface positions, while
conformational reﬁnement was performed globally (Materials
and Methods, Figure S1). With the goal of further ﬁltering the
generated decoys by estimating the interaction free energy of
the designed interfaces, more expensive potential-of-meanforce calculations were conducted through variable-velocity,
variable-force steered molecular dynamics (SMD) simulations.
The interaction free energy between the building blocks was
calculated from the convolution of the velocity and force
functions, and was used to rank the candidates accepted for the

■

RESULTS AND DISCUSSION
Design Strategy. To construct the target topology, two
unique helical hairpins, two unique interfaces, and two unique
loops are required. The use of an up−down four-helix-bundle
as a starting point provides two hairpins, a single interface and
a single loop. The design of a second interface with the
translated image of the bundle and of a second connecting
loop is then suﬃcient to complete the target fold (Figure 1C).
For this purpose, we employ a two-stage strategy: The ﬁrst
aimed at designing an intramolecular interface between two
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Figure 2. All three designs were folded. The ﬁrst column shows the designed models as cartoon representation. The second column shows the
respective CD spectra of the designs. The third column shows the melting curves of the designs, where BRIC1 and BRIC3 exhibit monophasic
unfolding, while BRIC2 does not thermally unfold below 100 °C.

the resulting nonlinear rotational kinetic energy is evaluated
across the simulation time. The loop compositions that
required the highest force magnitudes to induce rotational
motion were selected for experimental evaluation (Materials
and Methods, Figure S3).
Choice of Building Blocks. Three starting template
bundles were adopted from three diﬀerent natural proteins,
to evaluate the generality of the approach and the choice of
purely geometric criteria for template inclusion. The ﬁrst
design, BRIC1 (for Bihanded Repeat with Internal Corrugation), was constructed from a template bundle from the CheA
histidine phosphotransfer domain (PDB: 1I5N);10 the second,
BRIC2, from the DRNN four-helix-bundle, which had
previously undergone a total computational redesign of its
hydrophobic core (PDB: 2LCH);11 and the third, BRIC3,
from a focal adhesion targeting domain (PDB: 3B71).12 While
one 2LCH is a monomeric solution structure, 1I5N and 3B71
do not possess any crystallographic arrangement similar to that
proposed in Figure 1C. In the design process, BRIC1
underwent 12 mutations on the N-terminal face of the
designed interface and 13 on the C-terminal face. BRIC2
underwent 12 mutations on the N-terminal face and 12
mutations on the C-terminal face; in addition to 2 mutations in
the core of each bundle. BRIC3 underwent 20 mutations on

loop design stage. The described simulation setup applies a
more adaptive pulling scheme of a previous constant-velocity
setup that we have previously benchmarked against a subset of
a protein−protein aﬃnity data set8 (Materials and Methods).
This accelerated form of free energy estimation method has
been shown to be particularly suited for protomers that do not
undergo major conformational changes upon unbinding,9
which was assumed here given the nature of our building
blocks.
The next stage was to construct the loop that connects the
newly designed interface. For this we searched the PDB for
loop conﬁgurations that could serve as initial templates. The
search routine scanned structures with a gapped sliding
window, based on a generic description of the geometry
deﬁned by the ending and starting segments of adjacent repeat
units (Figure S2). This description was obtained using the
dihedrals proﬁle, the axial vectors of the relevant segments and
their orientations (Materials and Methods). The grafted loops
were then subjected to combined sequence and conformer
sampling, and all resulting loop compositions were evaluated
using an accelerated molecular dynamics scheme. The routine
applies a linear ramp of rotational force across the peptide
bond at the center of the loop in a crankshaft fashion. This
linear force titration, results in a nonlinear rotational response.
2228
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Figure 3. Experimental structures of BRIC1 and BRIC2 conﬁrm the design. (A) The crystal structure of the 3D domain-swapped dimer, with
individual protomers (colored by sequence position from cyan to blue) superimposed on the design (yellow). (B) The low-resolution NMR model
of the BRIC1 monomer superimposed on the design (colors as in panel A). (C) The crystal structure of BRIC2 (blue) superimposed on the design
(orange).

density showed the linker in an extended conformation,
resulting from a domain-swapped dimeric assembly. In this
assembly, two elongated BRIC1 protomers, related by the
crystallographic 2-fold symmetry, are associated in an
antiparallel fashion, such that the N-terminal four-helix bundle
of one protomer interfaces with the C-terminal bundle of the
other protomer, and vice versa (Figure 3 and Table S2). Given
that BRIC1 also shows a minor dimeric form in solution
(Figure S4), it appears that this form was selectively
crystallized. As a result, the inter-repeat interface has entirely
retained the designed interface features. This had a swapped
backbone RMSD to the design of 1.82 Å (all-atom RMSD was
2.1 Å) across the entire structure, excluding the loop.
NMR Structure of BRIC1. To address the nature of the
monomeric form of BRIC1, we prepared isotope labeled
samples for solution NMR. Diﬀusion coeﬃcients measured on
freshly prepared samples were consistent with the designed
monomer (Figure S5). However, dimeric and higher
oligomeric forms accumulated over time, impacting on the
quality of spectra. This feature, combined with the ambiguity
intrinsic to repeat sequences, precluded full resonance
assignment and thus high-resolution structure determination.
We therefore adopted a strategy aimed at creating a lowresolution model, using a sample selectively 13C-labeled on
methionine methyl groups to deﬁne interhelical contacts
(Materials and Methods). An initial observation was the
similarity of chemical shifts between the repeats, indicating that
both adopt very similar structures. Interhelical contacts then
deﬁned intra- and inter-repeat junctions very similar to those
observed in the crystal, with the C-terminal repeat identiﬁed by
contacts to the unambiguously assigned C-terminal capping
helix. The compiled data were suﬃcient to deﬁne the
monomer structure, using the domain-swapped crystallographic protomer as a starting point (Figure 3B and Table
S3). The calculated monomer ensemble agrees well with the
design, with an average backbone RMSD of 1.8 Å (all-atom
RMSD ranged from 2.5 to 2.9 Å, excluding the capping helix).
Crystal Structure of BRIC2. In contrast to BRIC1, BRIC2
did not yield well-diﬀracting crystals in the ﬁrst attempt. For
this reason, a rigid shared helix fusion to DARPin D12

the N-terminal face and 17 mutations on the C-terminal face.
Structure-based sequence alignments of the designs to their
respective starting templates are shown in Table S1. The
interface for BRIC1 was bridged by a 5-residue-loop, for
BRIC2 by a 7-residue-loop, and for BRIC3 by a 6-residue-loop
containing a disulﬁde bridge. For each of the designs, we
explored experimentally the minimal form consisting of two
repeat units. For BRIC1, we retained the native C-terminal
helix of the phosphotransfer domain as a C-terminal capping
helix.
Biophysical Characterization. We expressed the proteins
in Escherichia coli and puriﬁed them using immobilized metal
ion aﬃnity chromatography (Materials and Methods). All
three were primarily monomeric by analytical size-exclusion
chromatography, although they all showed pH-dependent
oligomerization. Their well-dispersed 1D NMR spectra were
consistent with folded proteins (Figures S6 and S7) and their
circular dichroism (CD) spectra with predominantly helical
secondary structure (Figure 2). In thermal unfolding experiments, BRIC1 and BRIC3 showed single-phase equilibrium
unfolding at 86 and 67 °C, respectively, while BRIC2 did not
exhibit any melting transition. The monophasic melting
transition of BRIC1 corresponds to that of a single, compact
domain. This emphasizes the success of our interface design, as
it implies that the enthalpy of the designed junction matches
that of the native one. The three constructs underwent
crystallization screening and only BRIC1 readily yielded
diﬀracting crystals, BRIC2 was fused to a crystallization
chaperone, while BRIC3 did not express in suﬃcient yield in
M9 minimal medium or in fusion with the crystallization
chaperone
Crystal Structure of BRIC1. Crystallization screens
yielded well-diﬀracting BRIC1 crystals, for which we obtained
data to 2.5 Å resolution in space group C2. The crystals
contained one BRIC1 monomer in the asymmetric unit, which
was unambiguously located in a molecular replacement trial
searching with the full design model, in the ﬁrst attempt and
with high contrast. However, after initial reﬁnement, it became
apparent that the connectivity between the two four-helical
halves of the protein diﬀered from the design. Clear electron
2229
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Figure 4. Architectural uniqueness and interface accuracy of the BRIC designs. (A) A comparison between the idealized BRIC architecture and the
closest architectures through structural similarity searches. The structures are colored by chain path from blue to yellow. (B) Polar and Cartesian
disparity between the designs and experimental structures of BRIC1 and BRIC2. The top panel shows the angular deviation from design values for
the tilt (θ), bend (β) and curvature (κ) across the designed interface in green, teal and cyan, respectively. Each dot represents either an NMR
model or one of the asymmetric unit chains (the single chain of the BRIC1 crystal structure is represented by orange crosses). The bottom panel
shows the CAPRI evaluation criteria (Lrms, Irms and f nat) for the designed interfaces (deﬁned in the Materials and Methods). The red, green and
blue dashed horizontal lines mark the high, medium and acceptable ranks, respectively. Error bars represent the standard error across asymmetric
unit chains of NMR models (some error bars are within the dot diameter).

(designed ankyrin repeat protein D12) was constructed.
DARPin D12 had been previously identiﬁed as wellcrystallizing under many diﬀerent conditions and thus serving
as a crystallization chaperone when rigidly fused to other
repeat proteins.4a An N-terminal fusion of the DARPin was
built in silico and both the shared helix and residues within 5 Å
proximity were sequence-optimized using Rosetta f ixed backbone design, as previously described.4a Crystals appeared after
25 days, diﬀracted to 3.0 Å resolution and the data were
integrated in space group P1. For the molecular replacement, a
model of the DARPin was used as a search model and the
design models of BRIC2 were manually ﬁtted into the density
(reﬁnement statistics are provided in Table S4). Out of the
four molecules of the asymmetric unit, chain B and D looked
as designed and a slight bend of the shared helix was observed
for chains A and C, due to crystal forces (Figure S8). Clear
electron density was visible for the whole BRIC2 domain and
the designed loop, connecting the two repeats, could be built.
In comparison to BRIC1, BRIC2 was monomeric and no
domain swap was observed in all of the four chains, proving the
successful interface design between the two helical bundles
(Figure 3C). The overall backbone RMSD ranged from 2.27 to
3.0 Å (all-atom RMSD ranged from 2.8 to 3.4 Å), and

conﬁrmed both the design and the potential of DARPin D12 as
a crystallization chaperone.
Architectural Uniqueness and Interface Design
Precision. To contrast the BRIC architecture to the nearest
existing folds, we conducted structure searches against the
entire PDB using PDBeFOLD13 and DALI,14 and the ECOD
database15 using TM-align.16 No folds were found that
structurally align along the full length of our designed
structures. Any similarity detected was largely localized to a
four-helix-bundle substructure. PDBeFOLD did not recover
any signiﬁcantly related hits, while the best TM-align hits had
TM-scores <0.55 and did not share signiﬁcant similarity with
our BRICs. For the DALI searches we selected three structures
based on their alignment lengths and secondary structures
arrangements. Figure 4A shows the structures and idealized
topologies of these hits contrasted against the BRIC topology.
Two of these hits (3D19 and 4AKK) were topologically similar
to each other, but with opposite chain paths. These were
composed of two uniformly handed four-helix-bundles with Nand C-termini abutting each other at the connecting interface;
a close-ended conﬁguration that results from the parallel
orientation of the helical hairpins to the main axis. The third
hit (3AY5) consisted of two dissociated antiparallel helical
domains, with one being a right-handed, side-connected
2230
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between building blocks, and separates interface optimization
from loop design, thus adding to the overall eﬃciency.

bundle, and the other a left-handed, diagonally connected
bundle.
To evaluate the interface design precision, we measured the
polar and Cartesian error across the interface (Figure 4B). The
polar deviations of the interface between designs and
experimental structures were deﬁned in terms of tilt (θ),
bend (β) and curvature (κ). Polar deviations in BRIC1 were
lower in the solution structure than in the crystal structure,
with the highest deviation in the κ dimension. BRIC2,
however, exhibited a larger range of deviations between the
asymmetric unit protomers, particularly, along the β and κ
dimensions. As these large interprotomer deviations would
potentially build-up in a multirepeat scenario, we carried out
molecular dynamics simulations for a ﬁve-bundle-repeat model
of BRIC2. The deviations in the solvated simulations were of
smaller magnitude, averaging below 8.0°, 6.6° and 3.0° for |θ|,
|β| and |κ|, respectively, at the four designed interfaces. We
therefore expect most of these deviations to stem from the
crystal packing. For estimating the Cartesian precision at the
interface, we calculated the evaluation criteria used in the
CAPRI interaction prediction competition: Lrms, Irms and f nat.17
The three structures ranked medium on the Lrms score. The
BRIC1 solution structure ranked medium on the Irms score,
while the two crystal structures ranked acceptable. All three
structures ranked high on the f nat score. In spite of the
asymmetric nature of the two-sided interface design, the
intramolecular four-helix-bundle backbone RMSD was minor;
0.8 Å within design and 1.1 Å within structure for BRIC1, and
0.9 Å within design and 1.3 Å within structure for BRIC2. The
design vs structure values were 0.6 Å for both respective
bundles of BRIC1, and 1.2 and 1.3 Å for the ﬁrst and second
bundles of BRIC2, which aﬃrms the rigid incorporation of the
building blocks.

■

MATERIALS AND METHODS
Computational Design. The interface sequence design
stage was performed in multiple consecutive rounds ﬁltering
the top 10−20 candidates from each round and feeding them
as input to the next. Each round was performed using a
RosettaScripts20 protocol comprising two generic Monte Carlo
loops separated by packstat21 and total energy (talaris2013
scoring function22) ﬁlters. Each loop executed a protocol
comprising soft-repulsion sequence sampling, backbone
optimization,23 docking and conformational reﬁnement.
Between the consecutive rounds, under- or overpacking was
evaluated by calculating the average deviation from highresolution structures packing density probability. The last
round’s output was ﬁltered through an accelerated SMD
routine that aims at approximately assessing the potential of
mean force of unbinding across the designed interface. The
free energy of unbinding (W) was evaluated as Wto→te = ∫ tteo v(t)
F(t)dt where F(t) and v(t) are the pulling force and velocity
vectors at time t, respectively. One partner was ﬁxed and
aligned against a reference orientation while the other was
pulled along a single dimension through a loose spring to
achieve a variable-velocity, variable-force SMD setup that
yields the free energy proﬁle along the unbinding path. The
protein was modeled using the CHARMM36 force ﬁeld,24
where the simulations were performed in explicit solvent
(TIP3P water model) and 0.15 M sodium chloride as NPT
ensembles at 310 K and 1 atm using a Langevin thermostat and
a Langevin barostat as implemented in the NAMD engine.25
Particle Mesh Ewald electrostatics grid of 1 Å resolution was
used with a long-range cutoﬀ set at 12 Å (switching at 10 Å)
and a time step of 2 fs. The reference pulling velocity (vref) was
calibrated to 2.5 Å/ns with a spring constant (k) of 20 kcal·
mol−1·Å−2 where the applied force (F(t)) was computed as
ÅÄ 1
ÑÉ
−∇ÅÅÅÅ 2 k[t vref − (rt − ro) ·n]2 ÑÑÑÑ (rt being the position vector of
Ç
Ö
the steered atom group and n being the pulling direction
vector). The systems underwent 2000 steps of conjugate
gradient minimization before random atom velocities initialization and force application on the backbone carbonyl carbon
atoms. The calculated work was used to rank designs for the
next stage.
The loop design stage begins with a structural search using a
gapped sliding window across the whole PDB, where the
landing sites are deﬁned by two N-to-C vectors and a single
(φ, ψ) array. Given the latter representation, every subject
landing site was compared to the query geometry by means of
dihedral proﬁles similarity, landing sites lengths similarity and
landing sites relative orientation similarity. Loop lengths of 4
and up to 8 were searched for, with landing sites of lengths
ranging from 4 to 8 residues. The best matches according to
the previous metrics were then grafted onto the top ranking
interface designs and subjected to loop mutagenesis using a
Rosetta script that performs sequence sampling, backrub
reﬁnement, and side chain reﬁnement in a Monte Carlo
looper. The designed loops were evaluated by applying
reciprocating crankshaft force across the peptide bond at the
center of the loop with a reciprocation frequency of 20 fs−1. A
60 ps span of equilibration was followed by equal torques
applied to the peptide bond hydrogen and oxygen atoms
around the peptide bond axis, starting by an angular

■

CONCLUSIONS
At the frontier of protein design is the aim to provide new
scaﬀolds for functionalization, this potential has made repeat
architectures attractive design targets. Internal cross-alignments in our experimental structures show that minimal
structural perturbation has been introduced to the starting
building blocks, leading to the possibility of constructing
longer repeats. With this architecture, the large-sized building
blocks can harbor functional features from selected parent
blocks, or aﬀord more extensive engineering owing to their
expanded substructural diversity, as compared to repeats with
smaller building blocks.
Protein design eﬀorts have so far been biased toward
assembling idealized secondary structure elements. As such
they do not reﬂect natural proteins, where structural
deformities are common and often associated with functional
motifs. The diﬃculty of sampling such deformities is an
inherent barrier to the designability of these motifs.18 A
successful design strategy that sidesteps this problem, and even
creates new topologies, has been to combine natural
substructures by directly using structurally similar fragments
as overlapping connectors.19 This, however, does not allow
strict control of target topologies, since it is contingent upon
the existence of overlaps that yield viable intramolecular
interfaces. In contrast to this connectivity-driven approach, we
introduce an interface-driven approach that is capable of
delivering novel topologies from an arbitrary arrangement of
building blocks. Moreover, this strategy employs sequence and
conformational sampling focused only on the junctions
2231
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acceleration of 2 rad·ps−2. The latter rotational acceleration
was incrementally ramped up every 40 fs by a value of 2 rad·
ps−2 using the updated atomic positions every 20 fs so as not to
apply any forces against the peptide axis itself. The simulation
was performed in triplicates in durations of 300 ps with similar
system setup parameters to the SMD described above. The
distributions of the loop atoms root-mean-squared-ﬂuctuation
and rotational kinetic energy were assessed to choose the
designs of the lowest mean and standard deviation of these
variables. The top designs at this point were directly taken to
the laboratory.
Expression and Puriﬁcation. The genes were acquired
from Synbio Technologies, already cloned into pET-28a(+)
using NcoI and NdeI cloning sites and in-frame with an Nterminal hexaHis-tag and a thrombin cleavage site, while
harboring a kanamycin resistance gene as a selection marker.
The plasmids were used to transform chemically competent
E. coli BL21(DE3) by means of heat-shock. The expression
procedure entailed growing of the cells in LB medium and
inducing with IPTG at OD600 of 0.5−1 with overnight
expression at 25 °C. For expression of labeled protein, a
preculture in LB medium was grown, cells collected, and
resuspended in M9 minimal medium (240 mM Na2HPO4, 110
mM KH2PO4, 43 mM NaCl), supplemented with 10 μM
FeSO4, 0.4 μM H3BO3, 10 nM CuSO4, 10 nM ZnSO4, 80 nM
MnCl2, 30 nM CoCl2 and 38 μM kanamycin sulfate, to an
OD600 of 0.5−1. After 40 min of incubation at 25 °C, 2.0 g
15
N-labeled ammonium chloride (Sigma-Aldrich cat. no.
299251) and 6.25 g 13C D-glucose (Cambridge Isotope
Laboratories, Inc. cat. no. CLM-1396) were added, or 100
mg methyl-13C L-methionine (Sigma-Aldrich cat. no. 299146)
in case of selective labeling in a 2.5 L culture. After another 40
min IPTG was added to 1 mM ﬁnal concentration for
overnight expression. Cells were collected by centrifugation at
5000g for 15 min, lysed by a Branson Soniﬁer S-250 (Fisher
Scientiﬁc) in hypotonic 50 mM Tris-HCl buﬀer supplemented
with one tablet of the complete protease cocktail (SigmaAldrich cat. no. 4693159001) and 3 mg of lyophilized DNase I
(5200 U/mg; Applichem cat. no. A3778). The insoluble
fraction was pelleted by 25 000g centrifugation for 50 min, and
the soluble fraction was ﬁltered (0.45 μm ﬁlter pore size) and
directly applied to a Ni-NTA column. A 5 mL HisTrapFF
immobilized nickel column (GE Healthcare Life Sciences cat.
no. 17−5255−01) was used for this purpose, washed
consecutively by 30 mL 150 mM NaCl, 30 mM Tris buﬀer
(pH 8.5) at 0, 30, and 60 mM imidazole. Fractions were
collected by a gradient elution at >60 mM imidazole. The
eluate was concentrated using 10 kDa MWCO centrifugal
ﬁlters (Merck Millipore cat. no. UFC901024) and loaded onto
an equilibrated Superdex 75 gel ﬁltration column (GE
Healthcare Life Sciences cat. no. 17517401). The gel ﬁltration
buﬀer used was always 100 mM sodium phosphate buﬀer (for
NMR and CD transparency) composed to the target pH,
where BRIC1 was eluted in pH 8.5, while BRIC2 and BRIC3
at pH 5.5. An Ä ktaFPLC system (GE Healthcare Life
Sciences) was used for all chromatography runs.
For the D12-BRIC2 chimera, the shared helix between D12
and BRIC2 was introduced by assembly PCR and the resulting
fragment was cloned into a pQE30LIC_3C (Qiagen) based
plasmid via BamHI and HindIII restriction sites. Chemocompetent BL21DE3 cells were transformed with the plasmid
and the protein was expressed in autoinduction medium at 25
°C for 16 h.26 Cells were resuspended in 50 mM Tris/HCl pH

8, 500 mM NaCl, 20 mM imidazole and lysed via sonication.
Insoluble material was spun down by centrifugation for 30 min
at 30 000g and the supernatant was loaded on 5 mL NiNTA
resin, equilibrated with resuspension buﬀer. The column was
washed with 25 mL resuspension buﬀer and protein was eluted
with 15 mL resuspension buﬀer containing 250 mM imidazole.
The elution fraction was dialyzed overnight against 50 mM
Tris/HCl pH8, 300 mM NaCl and the N-terminal 10xHis-tag
was removed by cleavage with 3C-protease (2% w/w).
Following a second NiNTA step to remove the protease and
the His-tag, the protein solution was concentrated to 5 mL and
further puriﬁed by gel ﬁltration on an S200 16/600 column
(GE healthcare) equilibrated with 10 mM Tris/HCl pH 8, 100
mM NaCl.
Biophysical Characterization. The analytical gel ﬁltration
experiments were all done on a Superdex 200 10/300 GL (GE
Healthcare Life Sciences cat. no. 17517501), and the collected
fractions from the eluate were used for CD or NMR
measurements directly after. 1H NMR spectra were collected
on a Bruker AVIII-800. NMR diﬀusion ordered spectroscopy
experiments were performed on a Bruker AVIII-600 using the
relevant functionality in the TopSpin software, running the
analysis over multiple aliphatic proton peaks. The structurebased prediction of the diﬀusion coeﬃcient was done using the
HYDROpro software,27 setting the corresponding temperature
to 310 K and viscosity to 0.007 P. CD spectra were recorded
on a Jasco J-810 spectrometer, with a spectral scan window of
200−240 nm, with a sweep delta of 0.1 nm while averaging
over 5 scans. Melting curves were measured from 20 to 100
°C, recording the ellipticity at 222 nm every 0.5 °C, while
heating at a 1 °C/min rate.
X-ray Crystallography. For BRIC1 crystallization, the
protein was concentrated to 13 mg/mL in 25 mM Tris buﬀer,
pH 8.5, 150 mM NaCl. The D12-BRIC2 fusion was
concentrated to 40 mg/mL in 10 mM Tris buﬀer, pH 8, 100
mM NaCl. Sitting-drop vapor diﬀusion crystallization trials
were performed in 96-well format, equilibrating drops
containing 300 nL of protein solution and 300 nL of reservoir
solution against 50 μL of reservoir solution. For D12-BRIC2,
the drop size was 150 nL + 150 nL and the reservoir contained
75 μL of mother liquor. Best diﬀracting crystals were obtained
with a reservoir solution containing 20% v/v PEG 500 MME,
10% w/v PEG 20 000, 30 mM MgCl2, 30 mM CaCl2 and 100
mM Tris-BICINE pH 8.5, loop-mounted, and ﬂash-frozen in
liquid nitrogen. For D12-BRIC2, an initial hit was found in 0.2
M (NH4)2SO4, 25% w/v PEG 3350 and 100 mM Bis-Tris pH
5.5. A ﬁne screen with two perpendicular gradients of the PEG
concentration and the pH was set up to yield diﬀracting
crystals, which were ﬂash-frozen in mother liquor containing
20% v/v ethylene glycol. Data were collected at beamline
X10SA at the Swiss Light Source, at 100 K with an X-ray
wavelength of 1 Å and a PILATUS 6M-F detector (Dectris)
for BRIC1 or an EIGER 16 M X detector (Dectris) for D12BRIC2. Data for BRIC1 were indexed, integrated and scaled to
a resolution of 2.5 Å in space group C2, using XDS.28 For D12BRIC2, two crystals were indexed and integrated in space
group P1. After merging the two data sets, the data were scaled
to 3 Å. According to the unit cell dimensions, one BRIC1
monomer was expected in the asymmetric unit with a solvent
content of 50%. Molecular replacement was carried out using
MOLREP,29 using the designed coordinates as a search model.
A unique solution was found in the ﬁrst attempt with high
contrast. After rigid-body reﬁnement with Refmac5,30 a
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experimental structures of BRIC1 and BRIC2. The resulting
hits were sorted by their alignment lengths, and manually
inspected the top 100 hits for similar topologies. Additionally,
the ECOD database15 (ECOD40 subset) was searched using
TM-align16 for the same purpose. Only hits with TM-score
equal or above 0.5 were manually inspected for potential
similarity.
Polar precision at the designed interface was assessed by
calculating the deviation between the designs and experimental
structures for three quantities; the tilt (θ), bend (β) and
curvature (κ) across the designed interface. The three
quantities are supposed to represent the plane-projected
angular change between the two helical hairpins across the
designed interface, along the three mutually orthogonal planes.
The assessment of the designed interface accuracy in Cartesian
and qualitative terms was done using the CAPRI interface
criteria: Lrms, Irms and f nat.17 The Lrms represents the backbone
RMSD of the protein unit downstream of the designed
interface, after structurally aligning the pair by their upstream
units. The Irms was calculated as the backbone RMSD between
the residues at the designed interface (deﬁned by a distance
cutoﬀ of 10 Å). The f nat represents the number of contacts
common across the designed interface between the design and
experimental structure, divided by the total number of contacts
in the experimental structure. A contact is deﬁned by the
existence of any interatomic distance within 5 Å between two
residues across either side of the interface (the designed loop
residues were not considered).

diﬀerent conformation of the designed connecting loop
became apparent and was manually rebuilt in Coot.31 The
structure was completed and ﬁnalized in cycles of manual
modeling in Coot and reﬁnement with BUSTER or PHENIXreﬁne.32 Data processing and reﬁnement statistics are
summarized in Tables S2 and S4.
NMR Structure Determination. Spectra were recorded at
310 K on Bruker AVIII-600 and AVIII-800 spectrometers.
Backbone sequential assignments were made using standard
triple-resonance experiments and by tracing strong NOESY
contacts between sequential amide protons in helical segments.
Aliphatic side chain assignments were completed with
TOCSY-based experiments, while partial aromatic assignments
were made by linking aromatic spin systems to unambiguously
assigned aliphatic groups in NOESY spectra. The oligomeric
purity of samples was checked with diﬀusion-ordered (DOSY)
spectra. These conﬁrmed that fresh samples used in diﬀusion
experiments were predominantly monomeric.
To identify interhelical contacts, we exploited the uneven
distribution of methionine residues observed in the dimeric
crystal structure. The 16 methionine residues in this structure
fall into three broad clusters, one within each repeat and a third
at the inter-repeat interface. To assign these we produced a
sample selectively 13C-labeled on methionine methyl groups on
a 12C, 15N-labeled background. Members of each cluster could
be identiﬁed by contacts between the labeled methyl groups in
a 3D CCH-NOESY experiment.33 Contacts to unambiguously
assigned protons in a 13C-HSQC-NOESY spectrum then
allowed the assignment of all members within each cluster.
Thus, assigned, these methyl groups were eﬀective probes of
the interhelical interfaces providing 34 long-range distance
restraints. These were applied, in simulated annealing
calculations, together with other unambiguously assigned
contacts and TALOS-based dihedral restraints. A summary
of the input data and ﬁnal structure statistics is given in
Supplementary Table S3.
Structures were calculated with XPLOR-NIH (version 2.9.4)
using a monomer extracted from the domain-swapped dimer as
a starting structure; i.e., an open structure with no interunit
interface. Simulated annealing runs were ﬁrst aimed at closing
this interface by treating the four-helix bundles as pseudorigid
bodies. The resulting set of 50 structures deﬁned an interface
very similar to that observed in the crystal structure.
Reﬁnement was performed using atomistic molecular dynamics
computations in isothermal−isobaric ensembles to accommodate large conformational changes, where the overall
explicit solvent simulations setup was similar to that described
above. A total of 135 ns were collected while deploying the
NMR-derived dihedral and distance restraints using the
harmonic restraint terms ktorsion(θt − θref)2 and kdistance(xt −
xref)2, respectively. Here ktorsion and kdistance are the dihedral and
distance spring constants (set at 1 and 0.1, respectively), θt is
the φ or ψ angle at time t, xt is the atom pair distance at time t,
while θref and xref are the NMR-derived values. Fifty frames
from these runs were picked on the basis of agreement with
distance restraints and minimized under restraints in XPLORNIH to regularize covalent geometry. The ﬁnal ensemble
consisted of 26 structures chosen on the basis of lowest
restraint violations.
Structural Analysis. Searching among existing structures
for similar folds was performed using three diﬀerent methods.
The PDBeFOLD13 and DALI14 servers were used to search
against the entire PDB for similar existing folds to the
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