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Abstract

Antibodies are the most versatile binding proteins in nature with six loops creating a flexible continuous
interaction surface. However, in somemolecular formats, antibodies are aggregation prone. Designed ankyrin
repeat proteins (DARPins) were successfully created as alternative design solutions. Nevertheless, their
concave shape, rigidity and incompletely randomized binding surface may limit the epitopes that can be
targeted by this extremely stable scaffold. Combining conformational diversity and a continuous convex
paratope found in many antibodies with the beneficial biophysical properties of DARPins, we created
LoopDARPins, a next generation of DARPins with extended epitope binding properties. We employed X-ray
structure determination of a LoopDARPin for design validation. Biophysical characterizations show that the
introduction of an elongated loop through consensus design does not decrease the stability of the scaffold,
consistent with molecular dynamics simulations. Ribosome-display selections against extracellular
signal-regulated kinase 2 (ERK2) and four members of the BCL-2 family (BCL-2, BCL-XL, BCL-W and
MCL-1) of anti-apoptotic regulators yielded LoopDARPins with affinities in the mid-picomolar to low nanomolar
range against all targets. The BCL-2 family binders block the interaction with their natural interaction partner
and will be valuable reagents to test the apoptotic response in functional assays. With the LoopDARPin
scaffold, binders for BCL-2 with an affinity of 30 pM were isolated with only a single round of ribosome display,
an enrichment that has not been described for any scaffold. Identical stringent one-round selections with
conventional DARPins without loop yielded no binders. The LoopDARPin scaffold may become a highly
valuable tool for biotechnological high-throughput applications.

© 2013 Elsevier Ltd. All rights reserved.
Introduction

The fast generation of high-affinity protein-based
binders used as components of future therapeutics,
diagnostic reagents or in research as inhibitors,
probes or co-crystallization agents has become
more and more important in the recent past. For
many targets, however, no specific reagents exist.
The in vitro selection of binding proteins is generally

faster than the in vivo generation of antibodies by the
immunization of animals. However, selection is still
often the limiting step in the creation of binders.
Improvements that accelerate the selection process
are thus of greatest importance, especially with
respect to high-throughput applications, and the
quality of the library from which the selection takes
atter © 2013 Elsevier Ltd. All rights reserve
place may be the single most important parameter.
We therefore aimed to develop a scaffold with which
rapid binder generation is possible without com-
promising on affinity or specificity.
A variety of technologies developed for recombi-

nant antibody libraries [1–3] allow us to specifically
select binders. However, the application of antibody
fragments can be limited, since they often lack
sufficient conformational stability under harsh con-
ditions, as their domain architecture, a β-sandwich,
can be aggregation prone in the context of some
molecular formats. Moreover, stabilizing intra-domain
disulfide bonds in their framework in general interfere
with their functional expression in the reducing intra-
cellular environment in cellular assays (“intrabodies”)
[4]. New protein scaffolds for molecular recognition
d. J. Mol. Biol. (2014) 426, 691–721
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have been developed to overcome these limitations
[4–6]. One of these promising new scaffolds are
designed ankyrin repeat proteins (DARPins), which
werederived fromnatural ankyrin repeat (AR) proteins
by consensus design [7]. AR proteins are involved in
important protein–protein interactions in practically all
species [8,9], and their modular nature allows high-
affinity interactions to binding partners [4,5,10,11].
The original DARPin scaffold was created through

a consensus design approach, utilizing the great
abundance of natural AR proteins. Conserved intra-
and inter-repeat interactions characteristic for the
AR domain fold were determined, and conserved
framework residues were fixed and potential target
interaction residues were randomized in the result-
ing 33-amino-acid consensus AR. The elongation
of a single module by stacking of self-compatible
repeats finally yielded a rod-shaped repeat protein,
which was sealed at both ends by capping repeats,
being hydrophilic on the outside and hydrophobic
toward the internal repeats. Well-expressed and
extremely stable [4,6,7,12] DARPins have been
selected against many targets in the past [7,13–22].
Nonetheless, the most versatile binding proteins in

nature are antibodies. Their antigen-binding sites con-
sist of six loops, connecting the strands of β-sheets in
the variable domains of the light and heavy chain [23].
Five of the six loops adopt a discrete repertoire of
main-chain conformations [24–32]. The loop of the
third hypervariable region of the heavy chain (CDR-H3
loop), however, shows much greater variability in
length, sequence and conformation than the other five
antigen-binding loops and is therefore an important
source of antibody diversity [33,34]. Nonetheless,
structural analysis of different CDR-H3 loops identified
commonstructural patternswithin the basis of the loop,
although the tip of the loop differed considerably
[23,35]. Interestingly, the CDR-H3 loop plays a crucial
role in antigen recognition [36,37], sometimes by
changing its conformation upon binding [38–40].
The success of the original DARPin design in

routinely generating highly specific binders against a
multitude of targets with very different properties
has been demonstrated in numerous studies [4–6].
Thus, we decided to use DARPins as the starting
point for our new design. Target binding by DARPins
is governed by rigid-body interactions, and confor-
mational changes of the DARPin backbone do not
occur on binding [13]. Although this mode of binding
is entropically favored, we hypothesized that some
epitopes on target proteins might be accommodated
more easily through a higher degree of flexibility
and a larger interaction surface and that, together
with a distinctly different surface shape, the number
of accessible epitopes might be greatly increased,
allowing high-affinity binding in many cases.
Inspired by the antibody CDR-H3 loop region

[33,34], we combined the design feature of conforma-
tional diversity found in antibodies with the beneficial
biophysical properties of the successful DARPin
scaffold and engineered a 19-amino-acid loop con-
sensus sequence into the existing DARPin scaffold at
the original β-turn position to yield LoopDARPins
(Fig. 1). The design challengewas to avoid that a large
random loopwould destabilize the otherwise extreme-
ly favorable biophysical properties of the scaffold. To
further extend the interaction surface and to make it
continuous, we also randomized the previously
unrandomized N- and C-capping repeats and com-
bined them with our LoopDARPin library (Fig. 1).
Here we describe the design, construction, analysis

and experimental structure verification of these new
LoopDARPin libraries. We show that our design was
successful and demonstrate that, with LoopDARPins,
we have generated a scaffold, which possesses the
conformational flexibility and biophysical properties
that we aimed at creating. We also investigated the
ability of the LoopDARPin scaffold to rapidly yield
binders under extremely stringent selection conditions
(Fig. 2). We show that we were able to select a variety
of well-behaved, specific, high-affinity LoopDARPins
withKD values in the picomolar range, using aminimal
number of highly stringent ribosome-display [41,42]
selection rounds against five globular eukaryotic
proteins at unparalleled speed, emphasizing the
great potential of the LoopDARPin scaffold.
Results

Identification of a loop consensus sequence
through sequence databases

As a first step in the LoopDARPin design, a loop of
10–20 amino acids in length that maintained the
integrity of the framework had to be devised. Inspired
by nature, we aimed at creating a loop with a
stabilizing defined stem as in the antibody CDR-H3
loop and in natural ankyrin repeat proteins that
possess loop insertions [23,31,32,35,43–46]. Since
sequence and structure conservation among ARs is
high, we employed a consensus design strategy to
identify a loop consensus sequence composed of
fixed stabilizing framework positions and random-
ized potential interaction positions.
Structural considerations of the DARPin fold led us

to the conclusion that the most promising position for
the insertion of a longer loop into the existing DARPin
scaffold was the protruding β-turns (Fig. 1). It is at
these positions that a protruding loop would have a
high probability to contact the target.
We summarize here the results of the design, and

a detailed description of the applied loop consensus
design can be found in Supplementary Results. To
accumulate enough sequence and structural infor-
mation for our loop consensus design, we identified
lead structures for further sequence analyses using



Fig. 1. Overview of the applied strategy to engineer conventional DARPins into LoopDARPins and further into cap-
randomized LoopDARPins. The structures of a conventional DARPin (PDB ID: 2XEE) (top) and amodeled energy-minimized
structure of a LoopDARPin with three internal consensus repeats harboring an elongated loop in the second internal module
(middle and bottom) are shown in ribbon and surface representation. Helices of the N-terminal capping repeat, the internal
repeatmodules and theC-terminal capping repeat are colored green, blue and cyan, respectively. The complete designations
of the individual repeat modules are given below the lower modeled structure, and abbreviations are shown in the structure.
Randomized positions of the N-terminal capping repeat (N-cap, denoted Nran) and the C-terminal capping repeat (C-cap,
denoted Cran) are colored red. Randomized positions of the three internal repeat modules (I, internal repeat; IL, loop-
containing internal repeat; IF, loop-following internal repeat) are colored pink. Uniformly used abbreviations are given next to
the coloredpatches,with the ending_H for randomizedpositions in helical parts and_T for theβ-turns, to facilitate denoting the
structural position of the randomized positions in the amino acid sequence alignments (Fig. S3). Randomized positions of the
loop are marked with IL_L. This figure was created with the help of PyMOL¶.
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Fig. 2. Overview of the strategy used to test the performance of our newly created LoopDARPin libraries in rapidly
selecting high-affinity binders against multiple target proteins.
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the three-dimensional structure of DARPin 2XEE
[47] in a BLAST search against the PDB. Seven
natural AR lead structures with an insertion of
varying length at one or more β-turns were found.
Structural investigations of all lead structures re-
vealed that each of them could in principle serve as a
separate starting point for a consensus loop design.
Therefore, the sequence of each of the obtained
hit structures was subsequently used in a separate
BLAST search against GenBank to retrieve individ-
ual sequence data sets for a consensus sequence
analysis step and to delineate the natural variety of
the particular ankyrin protein.
To focus the BLAST search on the β-turn region

but, at the same time, to include a proper amount of
natural AR repeat sequence in our search, for each
lead sequence, we used a minimal search sequence
including the helix1-helix2-turn-helix1-helix2 motive
(Fig. 3b).
Most structural and sequence data were obtained

for the 2F37 lead structure. The 86 BLAST hits
obtained for this lead were then manually aligned
and analyzed, yielding loop consensus A (Fig. 3a).

Refinement of loop consensus A using
structural data

Positions in the loop consensus A crucial for the
structural integrity of the loop and positions suitable
for randomization needed to be identified. We
therefore extended our sequence database analysis
and included structural data in our final refinement,
leading to loop consensus B (Fig. 3a and b).
The 2F37 lead structure is that of a natural AR,

which is part of the conserved N-terminal intracellular
domain of all transient receptor potential (TRP)
channels of the vanilloid receptor subfamily (TRPV).
Structures have been solved for TRPV1 (2PNN) [43],
rat TRPV2 (structures from two crystal forms: 2ETB
and 2ETC) [44], human TRPV2 (2F37) [45] and
TRPV6 (2RFA) [46] (Fig. 3b). Since sequences of all
of these structures were included in the 86 BLAST
hits, yielding loop consensus A, and since they all
possess insertions of similar length at equal positions
of the β-turn, structural information from all of these
structures was used in our design refinement.
All five structures were structurally aligned with the

original DARPin 2XEE. It became immediately appar-
ent that the aligned hit structures all share a structurally
conserved stem (blue) and a structurally diverse tip of
the loop (pink) (Fig. 3b). The conserved hydrophobic
stem of the loop consists of positions 1–3, which
engage positions 6, 7 and 16–19 through a network of
H-bonds and hydrophobic interactions. Positions 6 and
7 maintain positions 4 and 5 in a rather conserved
conformation, although positions 4 and 5 are not in-
volved in stabilizing contacts and instead point toward
the solvent. Together with positions 8–15, they are
potential target interaction residues, since they appear
to be either conformationally flexible or point away from
the DARPin body (Fig. 3b). In an extensive structural
analysis, described in Supplementary Results in detail,
fixed framework positions necessary for structural
integrity and positions capable of interacting with a
potential target were identified and included in the
definition of loop consensus B (Fig. 3a and b).

Reduction of clashes to neighboring repeats

Due to the large dimensions of our loop, we
decided to only insert one of these loops into the
existing DARPin scaffold. The best position where a
β-turn might be exchanged for such a large loop was
reasoned to be a central place and, thus, the second
internal repeat in a DARPin containing three internal
repeats. Thus, the loop would be surrounded by
randomized β-turns of neighboring repeats, creating
a continuous interaction surface with a protrusion in

image of Fig.�2


695Novel LoopDARPin Library Design and Validation
the middle, and the stem of our loop could be stabi-
lized by well-placed hydrophobic contacts of the re-
maining repeat to adjacent repeats (Figs. 1 and 3b).
Modeling of the consensus loop structure into the

existing DARPin scaffold identified no clashes be-
tween loop and adjacent repeats. However, presum-
ing that a randomized loop might sample a large
conformational space, we decided to introduce
flexibility into the β-turn of the following repeat
(IF-repeat, where I stands for internal and F stands
for loop-following repeat), since we observed the
closest distance between loop and adjacent repeats
at this position. To accommodate a higher degree of
flexibility in the following β-turn, we exchanged Asp1
to an Ala, thereby disrupting the H-bond network
(see below). We reasoned that the intrinsic stability
of the DARPin would withstand this change, as
DARPins were designed to be stable after all.
The final loop consensus B is shown in Fig. 3a. It

was designed as a loop that could be inserted
into the existing DARPin framework without much
reengineering of the DARPin structure. Thus, in this
new design, a β-turn of 5 amino acids harboring 3
randomized positions in the original DARPin was
replaced by a 19-amino-acid loop with 10 random-
ized positions, thereby massively increasing the
interaction surface of the DARPin (Fig. 3a).
To create a structural model for subsequent

analyses and library design, we modeled the final
consensus LoopDARPin using InsightII. Coordinates
for non-loop positions were taken from the DARPin
structure 2XEE. Position 1 in the IF-repeat β-turn was
mutated toAla. For the loop, a sequence rich in Tyr and
Ser was used, as these are known to favor protein
binding [48–56] (see below). Coordinates for modeling
the loop sequence ATG SY FQ YSSSYYVY YFGE
were derived from the 2PNN structure. The final
consensus LoopDARPin model is shown in Fig. 1.

Randomization of capping repeats

In the original DARPin library, capping repeats
were not randomized. Unrandomized caps, howev-
er, may disrupt the continuous interaction surface
(Fig. 1) and might inhibit target binding for a number
of library members. Not surprisingly, the analysis of
available DARPin–target complex structures
showed that selected DARPins either engage or
completely exclude their unrandomized caps from
binding the target, emphasizing the great importance
of providing a continuous interaction surface. Thus,
positions in the N- and C-cap, which correspond to
randomized positions in internal repeats, were
chosen for randomization. In the N-cap, we random-
ized positions 11 and 12, located at the end of helix1,
to yield the N-cap library Nran. The C-cap library Cran
was designed to include randomization of β-turn
positions 2, 3 and 5, together with helix1 positions 13
and 14 (Fig. 1 and Fig. S1). Randomizing capping
repeats, however, is not without risk, since unfolding
of the caps would expose the hydrophobic core of
LoopDARPins. It was thus important to validate this
design both structurally and by biophysical analyses
(see below).

Testing the LoopDARPin design using molecular
dynamics simulation

Using molecular dynamics simulations in explicit
water, we simulated the consensus LoopDARPin for
50 ns at 300 K using the GROMOS 45A4 force field.
The flexibility of the LoopDARPin was examined by
analyzing root-mean-square fluctuations (RMSFs)
around the average structure. Figure 3c shows that
the overall mobility of the consensus LoopDARPin is
low. The most flexible regions are located at the
termini and at the tip of the loop. Stability at the stem
of the loop is retained and permits the tip of the loop
to sample a vast conformational space. The given
results are consistent with our design goal that our
loop consensus should allow the introduction of a
conformationally flexible loop into the existingDARPin
scaffold without perturbing its structural integrity. The
key feature by which this was designed was to keep
the stem constant.

Assembly of LoopDARPin DNA libraries

The loop consensus B peptide sequence was
back-translated into DNA using optimal Escherichia
coli expression codons. All codons of the random-
ized positions were encoded by trinucleotides to
ensure maximal library quality with a defined mixture
of specific base triplets [57]. The randomization
strategy for the previously described designed AR
module [7] guarantees a well-balanced ratio be-
tween hydrophilic and hydrophobic residues by
offering sufficient hydrophobic DARPin–target inter-
actions while simultaneously maintaining solubility.
Therefore, this randomization strategy was used for
all non-loop positions. At these non-loop positions,
we thus allowed A, D, E, H, K, N, Q, R, S and T with
7% probability each and F, I, L, M, V, W and Y with
4.3% probability each.
With our loop randomization strategy, we aimed at

reducing non-functional loop structures but, at the
same time, making high-affinity binding and confor-
mational flexibility possible. Given the ability of Tyr to
participate in H-bonds and in hydrophobic interac-
tions, combining Tyr with Ser and Gly (to allow Tyr
flexibility and for making additional interactions) in
minimalistic loop libraries has proven successful in
the past [48–56]. Tyrosine is also highly overrepre-
sented in antibody-binding sites [58–62]. To achieve
sufficient shape diversity and chemical diversity
within the limited sequence space of the loop, we
therefore biased randomized loop positions toward
Tyr (25%), Ser (25%) and Gly (10%). However, all
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remaining amino acids except Cys were still allowed
with a probability of 2.5% each.
Additional novel design features introduced in our

LoopDARPin library at the DNA level that facilitate
manipulations of modules (cf. Fig. 1 and Fig. S1) are
described in detail in Supplementary Results.
Fig. 3 (legend o
Assembly of internal repeats

Three randomized internal repeats were PCR-
assembled: the original DARPin I-repeat, the loop
containing IL-repeat and the Asp1Ala-mutated IF-
repeat, which follows the IL-repeat C-terminally in
n next page)

image of Fig.�3
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the full-length LoopDARPin (Fig. 1 and Fig. S2); 72%
(31 of 43 sequences) of I-repeats, 75% (36 of 48
sequences) of IL-repeats and 87% (41 of 47
sequences) of IF-repeats were devoid of deleterious
frameshift mutations or stop codons.

Assembly of capping repeats

Unrandomized capping repeats were PCR as-
sembled (N-cap: simply termed “N” and a stabilized
C-cap version: “C” [63]) and subsequently used to
create a first LoopDARPin library with unrandomized
caps. Additionally, randomized versions of capping
repeats (N-cap: termed Nran and C-cap: Cran) were
assembled to be included in a cap-randomized
LoopDARPin library.
To introduce a maximum level of variance with

regard to the capping repeats, we mixed unrando-
mized and randomized capping repeats for the
creation of our second LoopDARPin library. In this
LoopDARPin library containing a cap mixture, the
selection of the best combination of capping and
internal repeats would be left to the in vitro selection
system. After all, it might be possible that the
additional variability in the caps might be somewhat
detrimental for some sequences and thus be
selected against. Therefore, randomized versions
of capping repeats (N-cap: Nran and C-cap: Cran) and
a modified version of the previously described
C-capping repeat present in the original DARPin
library (Cold) [7,63] were PCR assembled and mixed
with unrandomized capping repeats N and C to yield
Fig. 3. (a) Stepwise definition of the loop consensus used in
elements are indicated above the sequences. Loop consensus
from a BLAST search against GenBank with the initially iden
N-terminal intracellular domain of the transient receptor pote
(TRPV2) (PDB ID: 2F37). The amino acid conservation co
siderations (see Results) led from loop consensus A to loop c
loop consensus B, the potential target interaction residues, w
indicated by a pink x. (b) Shown is the helix1-helix2-turn-helix1
(PDB ID: 2XEE, orange), structurally aligned with all lead
helix1-helix2-turn-helix1-helix2 motif structures of the conser
potential (TRP) channels of the vanilloid receptor subfamilies
(structures from two crystal forms: 2ETB, light green, and 2ETC
light blue) possess a conserved stem (colored blue) and a
stabilizing framework positions (blue) derived from these struct
magnified view in the box. Frontal and lateral views of the al
restricted conformational flexibility at their stem, contrasted by
the loop. The lateral view shows that the loops fold somewhat
for the combination with additional interaction residues present
neighboring repeats. This figure was created using PyMOL¶. (c
the GROMOS 45A4 force field were applied to examine the fle
the average structure is shown. The overall mobility of the con
located at the C-terminus and at the tip of the loop. Importantly
the tip of the loop to sample a vast conformational space. Colo
and the subsequently randomized positions colored pink. He
modules and the C-terminal capping repeat are indicated by re
and cyan, respectively.
a N-cap library mixture (Nmix) and a C-cap library
mixture (Cmix) (see Supplementary Results for more
details).

Assembly of full-length ribosome-display format
LoopDARPin libraries

For ribosome-display selections, the naïve
LoopDARPin library requires additional flanking se-
quence features present in the pRDV ribosome-
display vector, such as the promoter and Shine–
Dalgarno sequence upstream, and the tether andRNA
hairpin downstream [42,64]. We created two separate
capping-repeat-containing pRDV vectors. pRDV1
contained unrandomized caps N and C, whereas
pRDV3 containedNmix andCmix.With this strategy, the
generic fusion of either unrandomized or randomized
caps to our core LoopDARPin library was possible in a
single step (Fig. S2); for more details, see Supple-
mentary Results. From the estimated number of
molecules after each ligation step, the practical library
size of both libraries was approximately 1011.
Theoretical diversities of single repeats were Nran-

repeat 172 = 2.9 × 102, I-repeat 176 = 2.4 × 107,
IL-repeat 173 × 1810 = 1.8 × 1016, IF-repeat 176 =
2.4 × 107 and Cran-repeat 175 = 1.4 × 106. We
denote the domain composition of the LoopDARPin
library with three internal repeats as N-I-IL-IF-C
(for nonrandomized caps) or LD_N3C for short, and
we denote the one with randomized caps as Nmix-I-
IL-IF-Cmix or LD_Nmix3Cmix for short. LoopDARPin
libraries thus have a theoretical diversity of 1 × 1031
the present study. For orientation, the secondary structure
A was derived from an alignment of 86 natural ARs derived
tified loop-containing natural ankyrin repeat protein of the
ntial (TRP) channel of the vanilloid receptor subfamily 2
lor code is indicated in the panel. Structure-based con-
onsensus B, the final sequence of the loop consensus. In
hich were randomized in the subsequent loop library, are
-helix2 search motif structure of the conventional DARPin
structures, resulting in loop consensus B. All available
ved N-terminal intracellular domain of transient receptor
(TRPV) are included. TRPV1 (2PNN, cyan), rat TRPV2
, olive), human TRPV2 (2F37, purple) and TRPV6 (2RFA,
flexible tip (colored pink) at their elongated loops. Fixed
ures and included in loop consensus B are indicated in the
igned structures illustrate that the inserted loops possess
the sampling of a larger conformational space at the tip of
over helix1, making these loop insertions perfectly suitable
in adjacent β-turns and within helix1 of loop-containing and
) Molecular dynamics simulations for 50 ns at 300 K using
xibility of the consensus LoopDARPin. The RMSF around
sensus LoopDARPin is low. The most flexible regions are
, the stability at the stem of the loop is retained and permits
ring is as in (b) with fixed framework positions colored blue
lices of the N-terminal capping repeat, the internal repeat
ctangular boxes and are colored as in Fig. 1 in green, blue
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and 4.2 × 1039, respectively, vastly exceeding
the practical diversity of all display systems. To
assess the quality of the assembled LD_N3C and
LD_Nmix3Cmix LoopDARPin libraries on the DNA
level, we sequenced single library members. DNA
Fig. 4 (legend o
sequencing revealed that 7 of 18 (39%) LD_N3C and
23 of 66 (35%) LD_Nmix3Cmix LoopDARPins pos-
sessed no frameshift, no stop codon but correct
framework residues and correct trinucleotide codons.
Observed results compared well to library qualities
n next page)

image of Fig.�4
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obtained for earlier libraries [7,65]. A detailed se-
quence analysis of unselected library members is
included in Supplementary Results.

Biophysical characterization of randomly
chosen unselected library members

We performed in-depth biophysical analyses of 10
unselected library members to validate both our
LoopDARPin design and our cap randomization
strategy. Four unselected LoopDARPins with unran-
domized caps (N_B04_C, N_C05_C, N_F02_C and
N_G06_C) were analyzed in detail. For clarification
of the nomenclature, N_G06_C, for example, is a
LoopDARPin containing unrandomized N- and
C-caps. To determine the influence of cap random-
ization on the biophysical properties of LoopDARPins,
we also equipped N_G06_C with different random-
ized cap combinations. The G06 core was combined
with three different randomized N-capping repeats
(Nran1 throughNran3) andwith four different C-capping
repeats (Cran1 through Cran4). The biophysical prop-
erties of the resulting six G06 variants were compared
to the original N_G06_C LoopDARPin. Relevant
sequence positions of LoopDARPins characterized
in detail are summarized in Fig. S3.
The mentioned LoopDARPins could all be

expressed in soluble form in large amounts in
E. coli. Expression of all LoopDARPins at 37 °C
yielded 100–200 mg/l of soluble protein in shake
flasks. The addition of randomized capping repeats
to the G06 core did not affect expression yields (data
not shown). Single-step immobilized metal-ion affin-
ity chromatography (IMAC) yielded pure protein
(data not shown). The molecular mass of the proteins
Fig. 4. (a and b) The monomeric or oligomeric state of 10 u
SEC, coupled to MALS. For sequence information, see Fig. S
(left-hand y-axis). Indicated by a line of blue dots across the elu
of the eluting particles as determined by MALS. (a) LoopD
N_G06_C) out of four proteins are mainly monomeric at a c
N_F02_C possess significant additional dimeric, trimeric and
used to determine the influence of cap randomization on the
original unrandomized caps of N_G06_C were exchanged wi
name indicates that the added cap is more hydrophilic, more
original unrandomized cap, respectively. Overall dimerization a
hydrophobic and very hydrophobic N- or C-caps, while additio
(c and d) Equilibrium unfolding of the 10 randomly chosen uns
(a) and (b). (c) LoopDARPins with unrandomized caps. (d) Loo
equilibrium denaturation was followed by observing the CD sig
is displayed as fraction of the CD value of each sample at 0 M
present study cannot be precisely described by a simple two- or
reported and the apparent midpoints of denaturation are summ
randomly chosen unselected LoopDARPin library members
unrandomized caps. (f) LoopDARPin G06 variants with differe
observing the CD signal at 222 nm (see Materials and Methods
each sample at 20 °C. Due to aggregation, occasionally, an
observed. The heating gradient was 1 °C/min and melting wa
regained upon cooling (data not shown)].
was confirmed by mass spectrometry. LoopDARPins
remained soluble and did not aggregate over weeks
at 4 °C at a concentration of 10 mg/ml in TBS150
(pH 8.0).
Size-exclusion chromatography (SEC) coupled to

multi-angle light scattering (MALS) revealed that two
out of four LoopDARPins with unrandomized caps
(N_C05_C and N_G06_C) are mainly monomeric at
a concentration of 1 mg/ml (50 μM). Nonetheless,
the chromatograms of both LoopDARPins possess
small additional peaks at smaller retention volumes
identified as the dimeric, trimeric and tetrameric
species. For N_B04_C and N_F02_C, these species
are more pronounced (Fig. 4a and Table 1).
Changing the unrandomizedN- orC-capping repeat

of N_G06_C to randomized capping repeat versions
increased the overall dimer or oligomer formation
tendencies. Figure 4b shows that the exchange of the
overall hydrophilic unrandomized N-cap positions
Arg11 and Ala12 of N_G06_C to the overall more
hydrophobic randomized N-cap positions Trp11 and
Gln12 in Nran1_G06_C slightly increases oligomeri-
zation. However, exchanging these positions to
hydrophilic randomized N-cap positions Lys11 and
Glu12 in Nran3_G06_C improves the monomeric
behavior compared to the original N_G06_C Loop-
DARPin. Conversely, the exchange of the original
unrandomized C-cap in Nran1_G06_C to more hydro-
phobic C-caps increases oligomerization tendencies
(Fig. 4b). The combination of N- and C-cap random-
ization, therefore, seems to reduce monomeric
species of LoopDARPins, as hydrophobic residues
are found more frequently. Analytical SEC experi-
ments with increasing concentrations (5, 10, 20, 50
and 100 μM) of LoopDARPin showed that the
nselected LoopDARPin library members was analyzed by
3. The elution profiles represent the absorption at 280 nm
ting peaks, the right-hand y-axis shows the molecular mass
ARPins with unrandomized caps. Two (N_C05_C and

oncentration of 1 mg/ml (50 μM), whereas N_B04_C and
tetrameric species. (b) The LoopDARPin N_G06_C was
protein assuming a monomeric or oligomeric state. The

th randomized caps. A green, orange and red color in the
hydrophobic or significantly more hydrophobic than the

nd oligomerization tendencies increase with the addition of
n of a hydrophilic cap reduces oligomerization tendencies.
elected LoopDARPin library members also investigated in
pDARPin G06 variants with different randomized caps. The
nal at 222 nm (see Materials and Methods). The CD signal
GdmCl. The unfolding of the LoopDARPins tested in the
three-state equilibrium system, and thus, no ΔG values are
arized in Table 1. (e and f) Thermal denaturation of the 10
also investigated in (a) to (d). (e) LoopDARPins with
nt randomized caps. The denaturation was monitored by
). The CD signal is displayed as fraction of the CD value of
increase of the relative CD signal after denaturation was
s only partially reversible [e.g., only 50% of the signal was



Table 1. Biophysical data of characterized LoopDARPins

Protein CD222 (MRE)a MWcalc (kDa)
b MWobs (kDa)

c Tm1 (°C)e Tm2 (°C)e Dm1 (M) Dm2 (M)f

N_B04_C −12,645 19.8 20.8 59 2.19 ± 0.02
N_F02_C −11,231 19.6 20.5 55 N95 2.57 ± 0.17g 4.33 ± 0.01g

N_C05_C −9,102 19.9 26.4 55 N75 1.96 ± 0.29g 4.43 ± 0.01g

N_G06_C −10,462 19.7 20.7 57 N95 3.24 ± 0.01
Nran1_G06_C −10,909 19.8 23.2 54 N95 3.25 ± 0.01
Nran1_G06_Cran1 −11,911 19.8 31.7d 53 N85 2.86 ± 0.02
Nran1_G06_Cran2 −7,068 19.8 22.3 49 N95 3.07 ± 0.01
Nran1_G06_Cran3 −12,879 19.7 35.6d 49 N90 2.82 ± 0.02
Nran2_G06_Cran4 −10,354 19.9 32.9d 55 N95 3.09 ± 0.01
Nran3_G06_C −13,500 19.7 21.0 55 N95 3.44 ± 0.02
008_H10 −10,127 19.5 22.9 63 N95 3.44 ± 0.02
008_C6 −14,451 19.7 19.9 65 N95 3.09 ± 0.01
001_C10 −11,746 19.5 21.3 57 N95 2.86 ± 0.01

a Mean residue ellipticity (deg cm2/dmol) at 222 nm.
b MW (molecular mass) as calculated from the sequence.
c MW of monomeric species determined by SEC-MALS.
d MW of dimeric species determined by SEC-MALS.
e As determined by thermal unfolding observing the CD signal at 222 nm.
f Midpoint of denaturation as determined by GdmCl-induced unfolding observing the CD signal at 222 nm and assuming a two-state

unfolding equilibrium [63,66].
g Midpoint of denaturation as determined by GdmCl-induced unfolding observing the CD signal at 222 nm and assuming a sequential

three-state model [63,67].
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observed oligomerization is concentration dependent
(Fig. S4). Re-injection of collected monomer and
oligomer fractions yielded the original chromatogram,
which shows that oligomers can be reversibly
transformed back into monomers (Fig. S5) upon
dilution. This constitutes one of several arguments
(see below) that the oligomer formation observed is
the reversible association between folded monomers.
The CD spectra of all IMAC-purified LoopDARPins

superimpose well with the spectrum of conventional
DARPins, confirming that the secondary structure
composition of LoopDARPins and conventional
DARPins are the same (Fig. S6). The contribution
of the additional amino acids from the loop is too
small to affect the overall spectrum.
GdmCl equilibrium unfolding experiments of un-

selected library members show midpoints of unfold-
ing between 2.25 and 4.5 M GdmCl (Fig. 4c and d
and Table 1), which compares well to values deter-
mined for conventional DARPins (N3C DARPins:
between 2.88 and 4.95 M GdmCl) [12]. Most
LoopDARPins tested here show a single cooperative
transition. However, the more stable LoopDARPins
N_F02_C and N_C05_C possess a “pretransition” at
2.5 M GdmCl, before the main transition, which
occurs at 4.25 M GdmCl. The denaturation of these
LoopDARPins may thus involve an intermediate. A
similar behavior with an intermediate state has
previously been described for very stable convention-
al DARPin variants [63], where the equilibrium
intermediate was identified as a state where the
C-terminal capping repeat was selectively denatured.
In that study, it was found that the first transition,
causing the loss of about 20% of the initial helical CD
signal, originated from the selective unfolding of the
C-cap, whereas the main transition involved the
unfolding of all other repeats. In variants with more
stable internal repeats showing this effect, the
unfolding of the C-cap is uncoupled, giving rise to
the observed equilibrium intermediate, with the
C-terminal capping repeat detached from the central
repeats still intact.
Since we also observe for our most stable Loop-

DARPins this pretransition, where the initial helical
CD signal is decreased by about 20%, it might be
possible that our apparent unfolding intermediate
also corresponds to a LoopDARPin, where the
C-cap (one out of the total five repeats) is selectively
unfolded (Fig. 4c). If this were the case, very stable
LoopDARPins would inherit the uncoupled unfolding
of the C-cap from very stable conventional DARPins.
An alternative cause for the observed pretransition
could be the partial unfolding of the loop-containing
internal repeat of the LoopDARPin. Unfolding of an
internal repeat, however, would lead to the destabi-
lization of adjacent repeats both N- and C-terminally
and would therefore drastically decrease the stability
of the entire LoopDARPin. We hypothesize that such
a destabilization would lead to a complete and not
only to a partial unfolding of the protein. In addition,
the pretransition could also be caused by the
selective unfolding of the N-cap. Further experi-
ments are necessary to discriminate between the
described possibilities. Since most denaturation
curves are not well described by two-state equilibria,
we do not report any ΔG values.
Thermal stability of the 10 described randomly

chosen unselected library members was determined
through measuring the CD signal at 222 nm upon heat
denaturation (Fig. 4e and f and Table 1). As for
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conventional DARPins, heat denaturation was only
partly reversible (data not shown). With respect to
thermal unfolding, all LoopDARPins tested can be
divided into four groups: (i) the least stable Loop-
DARPin tested shows a single transition at 60 °C (e.g.,
N_B04_C). (ii) Themore stable LoopDARPins possess
two transitions and denature via an apparent interme-
diate. They share the first transition at 50–60 °C with
the least stable LoopDARPin but posses a main
transition above 80–90 °C (e.g., Nran1_G06_Cran1,
Nran1_G06_Cran3 and Nran2_G06_Cran4). (iii) A third
group of LoopDARPins only shows the first transition at
50–60 °C but cannot be denatured further
(e.g., N_G06_C, Nran1_G06_C, Nran1_G06_Cran2
and Nran3_G06_C). (iv) LoopDARPins not falling into
any of the other groups are N_F02_C and N_C05_C,
and these twoare themost stable LoopDARPins tested
by GdmCl-induced unfolding. N_F02_C shows no
temperature-induced transition and retains significant
secondary structure even after heating the sample to
95 °C. N_C05_C does not show a first transition at 50–
60 °C, but it seems to largely unfold above 80–90 °C.
Additional experiments will be necessary to character-
ize the observed unfolding intermediates. Importantly,
with midpoints of unfolding between 50 and more than
95 °C, LoopDARPins share the considerable heat
resistance of conventional DARPins [7].
Cap randomization has no negative influence on

stability (Fig. 4d and f). Stabilities of cap-randomized
G06 LoopDARPin variants are very similar to the
stability of LoopDARPin N_G06_C with unrando-
mized caps. Nran1_G06_C and Nran3_G06_C with
midpoints of denaturation of 3.25 and 3.44 M
GdmCl, respectively, are slightly more stable than
N_G06_C with a midpoint of denaturation of 3.24 M
GdmCl. The remaining four cap-randomized G06
LoopDARPin variants show a slight reduction in
stability with midpoints of denaturation between 2.82
and 3.09 M GdmCl.
No concentration dependence of stability to GdmCl

or heat was observed, as curves did not change with
concentration (data not shown). This suggests that,
even though some of the LoopDARPins do form
reversible oligomers, these forms have no measur-
able influence on stability.
Importantly, the high degree of stability of DARPins

is retained in LoopDARPins, underlining the success
of our design. However, the dimerization and oligo-
merization tendency of LoopDARPins is higher than
for conventional DARPins, as judged by SEC-MALS.
Seven out of ten LoopDARPins possess considerable
dimeric or oligomeric species (Fig. 4a and b), which
can be addressed by further engineering (see below).
In contrast, only one out of six original DARPins
without loop and without randomized caps showed
dimerization tendencies [7].
From the given results from stability and second-

ary structure determinations and supported through
the structure of Nran1_G06_C (see the next section),
we conclude that this dimerization and oligomeriza-
tion tendency (seen for this LoopDARPin in Fig. 4b)
is not caused by the unfolding of LoopDARPins
but, rather, through self-complementarity of their
extended hydrophobic surface facilitated by the
increased conformational flexibility of the loop. An
additional observation supports this hypothesis:
two Nran1_G06_C LoopDARPins with very distinct
loop conformations are present in the asymmetric
unit of our crystal structure. Contacts between the
two molecules are largely made through self-
complementary loop and cap interactions (Fig. 5b),
thus very directly illustrating this concept.
We therefore conclude that reversible dimerization

and oligomerization of LoopDARPins is governed
by low-affinity interactions between folded mole-
cules. Nonetheless, the self-complementarity of
LoopDARPins can almost certainly be optimized
through further engineering, without compromising
the advantageous properties of the LoopDARPins.
As we were able to select highly specific, high-affinity
LoopDARPins at unparalleled speed against several
target proteins (see below), we believe that we found
a workable balance between self-complementarity
and the ability to provide a hydrophobic interaction
surface needed for very high affinity binding, which
can further be fine-tuned.

Crystallographic LoopDARPin design validation:
Crystal structure of Nran1_G06_C

The crystal structure of Nran1_G06_C was solved
to a resolution of 1.7 Å (Table ST1). Two molecules
are present in the asymmetric unit, packing face-to-
face involving their target binding surfaces in an
antiparallel orientation. Clear electron density ex-
tends from Asp13 to Ala182 and from Asp13 to
Ala183 for the first and second molecule, respec-
tively. The N-terminal MRGSHis6 tag residues are
flexible and therefore not visible in the electron
density of either molecule.
The presented high-resolution structure of a

LoopDARPin allows us to validate the success of
the four main features of our LoopDARPin design
(Fig. 5).

(i) Superimposition of the X-ray structure of
LoopDARPin Nran1_G06_C and conven-
tional DARPin 2XEE shows that their frame-
work positions are practically identical.
LoopDARPin molecule 1 and the conven-
tional DARPin possess an RMSD Cα of all
non-loop positions of only 0.58 Å. Thus, the
insertion of our designed loop into the
existing DARPin scaffold does not alter the
structure of the DARPin framework.

(ii) The two LoopDARPins in the asymmetric
unit adopt two different loop and IF-β-turn
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conformations, thus validating the designed
conformational flexibility at these positions.
In both structures, the stem of the loop
serves as a stabilizing basis for the con-
formationally flexible tip of the loop.
Fig. 5 (legend o
(iii) Randomization of the N-terminal capping
repeat does not alter the repeat structure.

(iv) Over 45% of all randomized positions con-
tribute to the face-to-facepackingand40%of
these interacting positions are randomized
n next page)

image of Fig.�5
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loop positions. All randomized N-cap posi-
tions are involved in forming the interface,
and the unrandomized C-cap is largely
excluded from this interface, underlining
that both loop and cap randomization con-
tribute to a continuous interaction surface.

Stem positions in LoopDARPin design and
structure: Consistencies and deviations

Stem positions Ala1, Thr2, Gly3, Tyr16, Phe17,
Gly18 and Glu19 fulfill their intended function in
maintaining the stem conformation of the loop
(Fig. 5). Tyr16 and Phe17 are not at the exact intended
positions and their location in molecules 1 and 2 differ,
but they perfectly execute their designed function of
stabilizing the hydrophobic core of the loop. Both Gly3
and Gly18 serve as flexible linking residues as
planned, which help to thread the flexible loop back
into theDARPin framework. Both inmolecules 1 and 2,
Gly18-NH is involved in a stabilizing H-bond with
either Thr2-CO (molecule 1) or Thr2-OH (molecule 2).
Although these interactions were not intended by the
design, the close proximity of Thr2 and Gly18,
combined with the flexibility of Gly18, allows different
stabilizing H-bond combinations. Ala1-NH and
Glu19-CO are connected through an H-bond, as
designed. In case of molecule 2, a second H-bond
between Ala1-CO and Glu19-NH further stabilizes the
core structure of the loop. The presented structure
confirms thatwe succeeded in designing an interaction
network rich in H-bonds and hydrophobic interactions,
combined with the necessary degree of flexibility at
linking positions.
Fig. 5. (a and b) Crystal structure of Nran1_G06_C. (a)
Nran1_G06_C (molecules 1 and 2 present in the asymmetric un
DARPin 2XEE (colored orange). The positions of framework
practically identical. Different conformations of the inserted loop
structure, and randomization of the N-terminal capping repeat d
asymmetric unit. The Cα atom of contact residues within 3 Å
positions, especially from the loop and the randomized N-c
unrandomized C-cap is practically excluded from the interfac
repeat; IF, loop-following internal repeat; C, C-cap. The figure w
flexibility of loop and IF-β-turn in LoopDARPins confirmed by cr
Coloring as (a) and (b). Only the second and third internal rep
molecules 1 and 2 and conventional DARPin 2XEE are sh
molecules 1 and 2 and conventional DARPin 2XEE. (d) Co
interaction between Asp98 side chain and Gly101 amide nitrog
molecule 1. The stabilizing IF-β-turn H-bond interaction presen
the Asp side chain to introduce flexibility. (f) LoopDARPin
conformation than in molecule 1, thus utilizing the flexibility in th
partially folds away from the loop, the structural integrity outsi
structure of the loop region in Nran1_G06_Cmolecule 1 (g) and
are highlighted. The flexible randomized tip of the loop is colore
as intended by design, a high degree of flexibility. The designe
interactions at the stem of the loop enables the loop in Nran1
conformations in their tip region.
The framework loop positions of Phe6 and Gln7 are
not present at locations intended by the design. Phe6
was conserved both in sequence and in structure,
whereas position 7 was only conserved structurally in
natural ankyrin repeats containing such a loop. Both
positions are surrounded by randomized positions
(Fig. 3). Analyzing the Nran1_G06_C structure, it
seems that the hydrophobic interaction between
Phe6 and Ala1 and the H-bond between the Gln7
side chain and the Thr2 backbone in the designed
structure cannot be maintained with altered random-
ized loop positions. Nevertheless, the structural
integrity of the loop is not affected by these missing
interactions. Both residues point to the backside of the
LoopDARPin in molecule 1. In molecule 2, however,
they point toward a potential target (Fig. 5g and h). By
design, framework positions should not interfere with
target binding. Due to the intended conformational
flexibility of the loop, positions further away from the
stemof the loop aremore difficult to design and should
therefore be randomized in future iterations to allow
more structural adaptation.

Conformational flexibility in the IF-β-turn

The loop conformation in molecule 1 leaves the
following IF-β-turn unchanged (Fig. 5c–f). However, in
molecule 2, the loop adopts a different conformation
and forces the IF-β-turn region to partially fold away
from the loop. The structural integrity outside the
β-turn is unaltered. Thenew β-turn conformation leads
to a rearrangement of the randomized positions, offer-
ing an adjusted target interaction surface. Such a
flexibility on demandwas included in the LoopDARPin
design by disrupting the original H-bond network. The
Superimposition of the X-ray structure of LoopDARPin
it are colored red and blue, respectively) and conventional
residues of LoopDARPin and conventional DARPin are
in the LoopDARPin are compatible with the repeat protein
oes not alter the repeat structure. (b) Representation of the
of each other is highlighted in green. Most randomized

ap, contribute to the face-to-face packing, whereas the
e. N, N-cap; I, internal repeat; IL, loop-containing internal
as prepared with PyMOL¶. (c–f) Designed conformational
ystal structure of Nran1_G06_C. Nomenclature as in Fig. 1.
eats of the X-ray structure of LoopDARPin Nran1_G06_C
own. (c) Superimposition of LoopDARPin Nran1_G06_C
nventional DARPin 2XEE with stabilizing β-turn H-bond
en (shown as broken line). (e) LoopDARPin Nran1_G06_C
t in conventional DARPins has been removed by removing
Nran1_G06_C molecule 2. The loop adopts a different
e adjacent IF-β-turn. Note that although the IF-β-turn region
de the β-turn is unaltered. (g and h) Stereo view of crystal
molecule 2 (h). Fixed stabilizing framework positions (blue)
d pink. The loop in LoopDARPin Nran1_G06_C possesses,
d H-bonding network together with stabilizing hydrophobic
_G06_C molecules 1 and 2 to adopt completely different
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presented structure exemplifies the benefits of this
design feature.

Structure of a randomized N-cap

Changing original N-cap framework positions
Arg11 and Ala12 to Trp11 and Gln12, both a result
of randomization, maintains the correct fold of the
N-terminal capping repeat. In fact, the RMSD Cα of
the N-cap between both LoopDARPin structures and
the conventional DARPin N-cap is less than 0.3 Å
(Fig. 5a). Since the stability of G06 with unrando-
mized or randomized caps is largely identical
(Fig. 4c–f and Table 1), the available structure
underlines that cap randomization can be employed
to further increase the continuous interaction surface
of LoopDARPins.

Target selection and expression: ERK2 and
BCL-2 family members

To test the performance of LoopDARPins in rapidly
selecting high-affinity binders against multiple target
proteins, we chose the pro-proliferative kinase ERK2
and four members of the BCL-2 family (BCL-2,
BCL-XL, BCL-W and MCL-1) of anti-apoptotic regu-
lators as the first target proteins for evaluating our
libraries (Fig. 2). These proteins are often involved in
the development of cancer. The selection of high-
affinity binders would therefore open up new possibil-
ities to further investigate the role and function of these
proteins [21,68] and could serve as a starting point for
the development of future drugs.
ERK2 is a member of the mitogen-activated protein

kinase family. As evolutionarily conserved serine/
threonine kinases, they are activated in response to
extracellular stimuli and mediate signal transduction
from the cell surface to the nucleus.Mitogen-activated
protein kinases regulate several physiological and
pathological processes, including inflammation, apo-
Fig. 6. Structures of the anti-apoptotic BCL-2 family memb
1G5M) [71]. (b) BCL-XL (red) in complex with the BECLIN pept
1MK3) [73]. (d) MCL-1 (orange) in complex with the BIM peptid
members possess very similar three-dimensional structures w
amphipathic α-helices. Note that BCL-W possesses an addition
be displaced by groove-binding ligands [75]. The figure was p
ptosis, oncogenic transformation and metastasis [69].
ERK2 is a well-characterized eukaryotic kinase [70],
which can be readily expressed in E. coli and purified.
Previously, several conventional DARPins binding
to ERK2 with a nanomolar KD and distinguishing
the phosphorylated (active) and non-phosphorylated
(inactive form) had been selected [21,68].
As a second series of targets, a family of proteins,

the anti-apoptotic members of the BCL-2 family
(Fig. 6), were chosen as the main targets for the
evaluation of our LoopDARPin design. A structure-
based sequence alignment of the anti-apoptotic
BCL-2 family members (BCL-2, BCL-XL, BCL-W
and MCL-1) used in the present study is shown in
Fig. S7. This central protein family regulates apopto-
sis, a process essential for development and tissue
turnover, and perturbation of this process leads
to diseases ranging from autoimmune disorders
to cancer [76–79]. A key feature of anti-apoptotic
BCL-2 family members is their conserved, surface-
exposed hydrophobic groove (Fig. 6). With this
groove, they interact with the pro-apoptotic BH3-only
proteins (e.g., BIM) and inhibit their ability to drive
apoptosis [76,80–82]. Not surprisingly, enhanced
expression of anti-apoptotic BCL-2 family members
is found in many cancers [83–89].
Therefore, anti-apoptotic BCL-2 family members

have attracted significant attention as therapeutic
targets and, predominantly, small molecule inhibitors
with sometimes still elusive mechanisms of cell killing
[90,91] and varying degrees of specificity and
effectiveness have been developed [92–102]. The
availability of specific high-affinity inhibitors for func-
tional cellular assays or future therapy is therefore still
very limited. Many inhibitors bind to the highly related
proteins BCl-2, BCL-XL and BCL-W, but not to the
more distantly related MCL-1, because they exclu-
sively target the conserved hydrophobic groove of the
anti-apoptotic BCL-2 family members. As a conse-
quence, MCL-1 up-regulation is a major source of
ers used in the present study. (a) BCL-2 (green) (PDB ID:
ide (gray) (PDB ID: 2PON) [72]. (c) BCL-W (pink) (PDB ID:
e (gray) (PDB ID: 2PQK) [74]. Anti-apoptotic BCL-2 family
ith two central hydrophobic α-helices surrounded by five
al helix (α8), which binds to its hydrophobic groove, but can
repared with PyMOL¶.

image of Fig.�6
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resistance to these compounds [103,104]. The
capability to simultaneously target all anti-apoptotic
BCL-2 family members would thus be beneficial.
We therefore aimed at selecting a set of

LoopDARPins (Fig. 2), which block the groove-
mediated interaction between anti-apoptotic BCL-2
family members and pro-apoptotic BH3-only proteins
(Fig. 6). Such blocking of the groove region of either
several family members simultaneously (pan-BCL-2
binders) or specific single family member would be
both of great interest. We assumed that, with the large
interaction surface provided by LoopDARPins, we
could generate binders, which are able to provide
additional contacts outside of the conserved regions in
order to retain specificity, which is difficult to achieve
with small molecule inhibitors.
Thus, all targets were produced both in biotinylat-

ed and in non-biotinylated forms. During ribosome-
display selections, the biotinylated form of the targets
was used in the panning step. Non-biotinylated target
was used as competitor in later stages of all selections
to increase selection pressure toward high affinity
(“off-rate selection”). Since the natural BH3-only BIM
peptide ligand binds to the surface-exposed hydro-
phobic groove of the anti-apoptotic BCL-2 family
members, this interaction was used to confirm the
functionality of the produced targets. In analytical SEC
experiments, we observed a quantitative target/BIM
complex formation supporting the correct folding of
the produced BCL-2 family members (see Materials
and Methods and Fig. S8).

Four-round ribosome-display selections against
ERK2 using the N-I-IL-IF-C LoopDARPin library

First, we wanted to assess the quality of our
LoopDARPin design using fixed caps. Thus, we
performed initial ribosome-display [41,42] selections
with biotinylated ERK2 bound to streptavidin-coated
magnetic beads using the N-I-IL-IF-C (or LD_N3C
for short) LoopDARPin library with unrandomized
capping repeats (Figs. 1 and 2).
An initial measure for the successful recovery of

binders during selections is the enrichment over
background of reverse-transcribed recovered RNA
after a ribosome-display round [42], typically seen
only in later ribosome-display selection rounds.
Surprisingly, such an enrichment of LoopDARPins
was observed already after the first selection round.
Stringency was therefore steadily increased during
rounds two and three through elongated washing
steps, and finally, an off-rate selection using a
250-fold excess of non-biotinylated competitor was
included in the fourth round.
After this last ribosome-display selection round, 48

individual selected binders were screened by enzyme-
linked immunosorbent assay (ELISA) using crude
E. coli extracts to identify initial lead LoopDARPins.
After four rounds of selection as described above, 5 of
48 assayed clones (10.4%) showed specific binding to
ERK2 (signal/background ≥ 10).Noneof the analyzed
LoopDARPins showed significant binding to microtiter
plates coatedwith streptavidin andBSA (bovine serum
albumin). These initial binders were sequenced and
all sequences were found to be unique, in frame
and containing no stop codons (data not shown).
Further characterizations were conducted to assess
the quality of the selected binders. The five initial
LoopDARPin hits were purified using IMACand further
tested by analytical SEC for monomeric behavior. Out
of five proteins, only LoopDARPin 4.3.E_E7 showed
largely monomeric behavior, while the rest possessed
a significant oligomeric fraction (data not shown). The
sequence of 4.3.E_E7 is shown in Fig. S9.
The binding of 4.3.E_E7 to ERK2 was subse-

quently characterized in more detail. To investigate
specificity, we performed ELISA experiments with
the purified ERK2 binding LoopDARPin 4.3.E_E7
(Fig. 7). 4.3.E_E7 is specific for ERK2 and interacts
neither with any of the BCL-2 family members
(Fig. 7a) nor with streptavidin or BSA (Fig. 7b). In a
competition ELISA experiment, the interaction of
4.3.E_E7 with immobilized ERK2 could be specifi-
cally inhibited by preincubation with non-biotinylated
target (50% inhibition at 2.5 nM) (Fig. 7b). The
affinity estimated from this experiment was consistent
with surface plasmon resonance (SPR) measure-
ments (see below). For comparison, the unselected
LoopDARPin C05 did not interact with ERK2 or any
BCL-2 family member, indicating that LoopDARPins
per se do not bind to the mentioned targets (Fig. 7b).
To determine the KD of the interaction with its
target ERK2, we analyzed LoopDARPin 4.3.E_E7 at
multiple concentrations using SPR experiments
(Table 2 and Fig. 7c). Using a global kinetic fit, we
determined a KD of 4.8 nM, serving as a first in-
dication that the selection of specific high-affinity
LoopDARPins within four rounds of ribosome-display
selections is possible.

Three-round ribosome-display selections against
BCL-2 family members using the Nmix-I-IL-IF-Cmix
LoopDARPin library

We next tested the ability of our cap-randomized
LoopDARPin libraryNmix-I-IL-IF-Cmix (or LD_Nmix3Cmix
for short) to generate specific high-affinity binders
against a family of eukaryotic proteins (Fig. 2), the
BCL-2 family (BCL-2, BCL-XL, BCL-W and MCL-1)
of anti-apoptotic regulators (Fig. 6). Since the
LD_Nmix3Cmix LoopDARPin library contains all com-
binations of N- and C-caps (N-Cold, N-C, N-Cran,
Nran-Cold, Nran-C, Nran-Cran), we assumed that this
additional level of diversity together with the fact that
LoopDARPins with randomized caps possess an
increased continuous potential interaction surface
would allow a very stringent selection approach.
Thus, we conducted parallel selections with our
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LD_Nmix3Cmix LoopDARPin library against the four
BCL-2 family members BCL-2, BCL-XL, BCL-W and
MCL-1, directly using the same stringency already in
the first round that we had used in the second round in
the selection against ERK2 (see Fig. 2 and Materials
and Methods).
In order to select binders that are able to efficiently

block the interaction between anti-apoptotic BCL-2
family members and pro-apoptotic BH3-only proteins,
we included a prepanning step prior to each selection
round (Fig. 2), using biotinylated target complexed
with a BH3-only BIM peptide, fused to biotinylated
protein D (pD). Since the BIM peptide binds into the
surface-exposed groove of all BCL-2 family members
with high affinity [107], only regions outside of the
groove area would be accessible to the in vitro
transcribed and translated LoopDARPin library during
prepanning. With this prepanning step, LoopDARPin
librarymembers that bind outside of the groove region
would therefore be removed. The remaining Loop-
DARPin library members should hence bind in the
groove area and would be recovered in the following

image of Fig.�7


Fig. 7. Specificity and affinity of representative selected LoopDARPins for the target they were selected against.
(a) Background-corrected ELISA signals to determine binder specificity. The interaction of all selected LoopDARPins (5 nM)
with immobilized anti-apoptotic BCL-2 family members (− BIM) can be blocked by preincubation with a stoichiometric excess
of the natural BIM peptide ligand (+ BIM), indicating that the groove-directing prepanning ribosome-display strategy worked
out and that selected BCL-2 family binders bind into or near the surface-exposed groove. Direct interaction of binders with the
BIM peptide does not occur (last column). Note that the background binding of LoopDARPins to the surface without
immobilized target (b10% of total binding) has been subtracted. (b) Competition ELISA illustrating the interaction between
binders and their original target. Binders (final concentration, 2.5 nM)were incubatedwith varying concentrations of free target
before binding on immobilized target. Binding of all selected binders can be specifically inhibited by increasing concentrations
of free target in solution. The unselected LoopDARPin C05 [hatched column, denoted with asterisk (*)] showed no interaction
with any target at 25 nM, giving a signal identical with that of the control (SA [streptavidin only], 2.5 nM selected binder without
immobilized target). (c) SPR analyses. Different concentrations of LoopDARPin (50, 15.81, 5, 1.58, 0.5 and 0 nM; red to gray)
were injected simultaneously on parallel lanes during one run, followed by washing with buffer flow. The global fit is indicated
by black broken lines (see Table 2 for the extracted kinetic data and legend to Fig. 8 and Supplementary Results for the used
fitting model). Results for all selected binders are shown in Figs. S10 and S11.
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panning step with uncomplexed target. Note that the
interaction between BIM and the anti-apoptotic family
members was also used to confirm the correct folding
of the produced targets and for this reason, this
interaction was also functionally verified by SEC (see
Materials and Methods and Fig. S8).
Due to encouraging binder enrichment over
background at the level of reverse-transcribed
recovered RNA for all targets, the stringency was
increased in round two and an off-rate selection
using a 250-fold excess of non-biotinylated compet-
itor was included in the third round.

image of Fig.�7


Table 2. Kinetic binding data for a representative group of
selected LoopDARPins determined by SPR

LoopDARPin Target kon
(M−1 s−1)

koff
(s−1)

KD

(M)

008_H10 BCL-2 2.03 × 105 1.17 × 10−5 5.79 × 10−11

008_C6 BCL-2 1.56 × 105 4.64 × 10−6 2.97 × 10−11

001_C10 BCL-2 3.40 × 105 6.60 × 10−5 1.94 × 10−10

012_F12 BCL-XL 1.90 × 105 1.97 × 10−4 1.04 × 10−9

003_D9 BCL-W 7.42 × 104 4.70 × 10−6 6.33 × 10−11

014_G9 MCL-1 1.59 × 105 1.23 × 10−4 7.74 × 10−10

4.3.E_E7 ERK2 1.75 × 105 1.04 × 10−3 4.79 × 10−9
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To identify initial lead LoopDARPins, we screened
94 individual selected binders for each target selection
by ELISA using crude E. coli extracts after the last
round of this three-round ribosome-display selection.
Depending on the target, varying numbers of binders
showed specific binding (signal/background ≥ 10) to
their target. Most binders were obtained from selec-
tions against BCL-2 and BCL-W [6 of 94 assayed
clones (6.4%) and 7 of 94 assayed clones (7.4%),
respectively]. Fewer binders were obtained from the
selections against BCL-XL and MCL-1 [2 of 94
assayed clones, respectively, (2.1%)]. None of the
analyzed LoopDARPins showed significant binding to
microtiter plates coated with streptavidin and BSA. All
initial binders were sequenced and their sequences
were found to be unique, in frame and containing no
stop codons (data not shown). Among selections with
several initial leads, no identical clones were found,
indicating that considerable diversity was still left in the
selected pool and that stringency could still be further
elevated.
Surprisingly, two binders from the BCL-W selection

(013_H8 and 013_D12) had no loop (see Fig. S9). The
two binders clearly originated from the LoopDARPin
library, as they contained all the design features that
had been included in the newly created LoopDARPin
libraries on thenucleotide level, whichwere not present
in the original DARPin library without loop. Therefore,
the loop most likely had been deleted during PCR.
The applied selection pressure, with a prepanning

on peptide–target complex (see above), forced
binders to bind into the groove. After comparing
surface shape and dimensions of the β-turns in
conventional DARPins with the surface-exposed
groove of BCL-W, we immediately recognized the
perfect shape complementarity. Moreover, indeed,
we now have structural data available for both
complexes, which clearly show the perfect binding
of both DARPins into the groove of BCL-W (J.S. and
A.P., unpublished results). Interestingly, the KD of
the interaction between BCL-W and both loop-
deleted binders 013_H8 and 013_D12 is 1 order
and 2 orders of magnitude weaker than the interaction
with the most affine LoopDARPin 003_D9 (see
below).
All initial binders were IMAC purified and further
screened by analytical SEC for monomeric behavior
and for slowest off-rates by SPR. Three out of six
BCL-2 binders, one out of two BCL-XL binders, four
out of seven BCL-W and one out of two MCL-1
binders showed largely monomeric or dimeric
behavior and slow off-rates, while the remaining
binders possessed a significant oligomeric fraction
or fast dissociation from the target (data not shown).
For sequences of the final hits, see Fig. S9.
ELISA and SPR experiments were performed to

determine the specificity and theKD of all nine positive
hits to the target that theywere selected against and to
the remaining family members, to get a quantitative
measure of specificity. The results obtained for
representative LoopDARPins from each target selec-
tion are shown in Table 2 and Fig. 7 (results for all
binders are shown in Table ST2 and Figs. S10
and S11). The KD matrix in Fig. 8 summarizes the
KD values determined by SPR for interactions
between all targets and all LoopDARPins/DARPins.
The binding of all selected LoopDARPins/DARPins
to their biotinylated target could be blocked through
the preincubation of the target with an excess of
free pD-BIM, indicating that the prepanning strategy
worked and that all LoopDARPin/DARPin hits
indeed bind into or near the target groove (Fig. 7a
and Fig. S10a).
Since sequence and structure homology among

the used BCL-2 family members is very high [80]
(Fig. 6 and Fig. S7) and since the applied selection
strategy forced the selection toward binding to the
groove but not to specific family members, it is not
surprising that LoopDARPins/DARPins binding to
more than one member of the family have been
obtained. Nevertheless, also very specific binders
have been selected (Figs. 7a and 8 and Figs. S10a
and S11). Both types of binders are, of course, highly
valuable tools for future applications.
LoopDARPins that bind with high affinity exclu-

sively to the target they have been selected against
(selectivity N 25 based on KD values determined by
SPR measurements) include 001_C1, 001_C10
(BCL-2 selection), 003_D9 (BCL-W selection) and
014_G9 (MCL-1 selection) (Fig. 8 and Fig. S11). The
remaining LoopDARPins/DARPins bind measur-
ably, but still weaker, to non-cognate family mem-
bers as well. Strikingly, no binders selected against
BCL-2, BCL-XL or BCL-W bind MCL-1. Similarly,
none of the MCL-1 binding LoopDARPins interact
with the other family members, highlighting the
structural differences between MCL-1 and the other
family members [74]. Specificities determined by
ELISA are consistent with SPR measurements
(Fig. 7a/Fig. S10a and Fig. 8/Fig. S11, respectively).
In competition ELISA experiments, the interaction

of the described binders with their immobilized target
could be specifically inhibited by preincubation with
free non-biotinylated target (Fig. 7b and Fig. S10b).



Fig. 8. KD matrix summarizing the affinity and selectivity determined by SPR for interactions between all targets and all
binders. The kinetic data of the interactions were first evaluated with a global fit using the Langmuir [105] model. Regarding
the interactions between binders and their original target used in the selection (“cognate target”) (diagonal interactions
highlighted by pink frames), the binding of 12 out of all 14 selected binders can be well described by a 1:1 Langmuir binding
model. Only the 4.3.E_E7/ERK2 interaction and the 003_C9/BCL-W interaction were not fitted well by a 1:1 Langmuir
binding model, and instead, a two-state binding model was used [106] (for details of the evaluation of different models, see
Supplementary Results). Interactions of binders with other, non-cognate family members [indicated by an asterisk (*)] also
required this more complicated model. In total, 55 binder/target interactions were investigated (Fig. S11). For extracted
kinetic data, see Table 2 and Table ST2.
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The affinities estimated from these experiments
were confirmed with SPR measurements using a
global kinetic fit (Table 2, Figs. 7c and 8, Table ST2
and Figs. S10c and S11). It should be noted that, if a
binder interacts with more than one family member,
the interaction with the target the binder was
selected against is always the strongest (see also
Supplementary Results).
Among the representative LoopDARPins, 001_C10,

originating from the BCL-2 selection, for example, is a
LoopDARPin that specifically binds to BCL-2 with an
excellent KD of 194 pM. From the BCL-XL selection,
012_F12 strongly binds to BCL-XL (KD = 1 nM) and to
BCL-2 (KD = 1.4 nM) and slightly more weakly to
BCL-W (KD = 2.5 nM). 003_D9, originating from a
selection against BCL-W, specifically binds to BCL-W
with high affinity (KD = 63 pM) and less strongly to
BCL-XL (KD = 5.5 nM) and to BCL-2 (KD = 7.9 nM).
The binder 014_G9 is specific for MCL-1, the target it
was selected against, with a KD of 774 pM.

One-round ribosome-display selections against
BCL-2 using the Nmix-I-IL-IF-Cmix LoopDARPin
library

The abovementioned results of having obtained
specific picomolar binders in three rounds of
ribosome display gave us confidence that, with
LoopDARPins, very stringent selections might be
possible. We chose to test this assumption by
carrying out only one round of ribosome display
with our naïve LD_Nmix3Cmix LoopDARPin library
against the target BCL-2, and this round would
directly be an off-rate selection with 250-fold excess
of non-biotinylated BCL-2 as competitor (Fig. 2). To
compare the performance of our LD_Nmix3Cmix
LoopDARPin library to the conventional DARPin
library without loop and without randomized caps
[4,7], we conducted parallel selections on BCL-2
with these two libraries using identical experimental
conditions.
A significant amount of reverse-transcribed RNA

could be recovered over background using the
LD_Nmix3Cmix LoopDARPin library (Fig. S12), indi-
cating the successful selection of binders after one
round, while no recovery of reverse-transcribed RNA
over background was observed using the conven-
tional DARPin library without loop and without
randomized caps during this very stringent selection
procedure. Since this RNA enrichment can only
serve as an indication, it was important to actually
analyze single clones on the protein level. For the
conventional DARPin library without loop and
without randomized caps [4,7], 94 clones were
screened by ELISA using crude E. coli extracts.
However, none of the screened conventional DAR-
Pin clones showed binding to BCL-2 after a stringent
one-round off-rate selection.
Toassess thequality of the recoveredLoopDARPins

from this one-round selection, we screened 94 clones
by ELISA using crude E. coli extracts. In contrast
to the conventional DARPin library without loop,
nine LoopDARPins (9.6%) showed specific binding
to BCL-2 (signal/background ≥ 10). None of the
analyzed LoopDARPins showed significant binding
to microtiter plates coated with streptavidin and BSA.

image of Fig.�8
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The sequences of the nine initial hits all were found to
be unique, in frame and containing no stop codons
(data not shown). All nine LoopDARPins were IMAC
purified and directly screened for the slowest off-rates
by SPR at a concentration of 50 nM. The five most
promising LoopDARPins were characterized by ana-
lytical SEC. LoopDARPins 008_H10, 008_F2 and
008_D3 were largely monomeric. 008_C6 was mono-
meric but also possessed an oligomeric fraction,
whereas 008_F5 was mostly oligomeric (data not
shown). Therefore, 008_F5was excluded from further
analyses. The interaction of the remaining four
LoopDARPins with BCL-2 and with the other BCL-2
family members was further examined by ELISA and
the exact KD values were determined at multiple
concentrations using SPR experiments.
The sequences of the final hits are shown in Fig.

S9. Results for the representative LoopDARPins
008_H10 and 008_F2 from this one-round selection
are shown in Table 2 and Figs. 7 and 8 (results for all
LoopDARPins are shown in Table ST2 and Figs.
S10 and S11). KD values determined by SPR for
interactions between all targets and all four Loop-
DARPins are summarized in Fig. 8.
Due to the fact that sequence and structure ho-

mology among the used BCL-2 family members is
very high, selected LoopDARPins again bound to
more than one member of the family but, as before,
did not bind to MCL-1. LoopDARPins that bind with
high affinity exclusively to BCL-2 are 008_H10 and
008_F2. 008_C6, and 008_D3 also bind with high
affinity to other family members. Specificities deter-
mined by ELISA were consistent with results obtained
from SPR measurements (Fig. 7a/Fig. S10a and
Fig. 8/Fig. S11, respectively).
Binding of all LoopDARPins to BCL-2 could be

blocked by preincubation of BCL-2 with an excess
of free pD-BIM, indicating that, even without directing
LoopDARPins toward the groove through a prepan-
ning step, they bind near or into the groove (Fig. 7a and
Fig. S10a). Both the surface-exposed groove and the
randomized positions of all selected LoopDARPins,
especially in the loop region, are enriched with
hydrophobic residues (Fig. S9), suggesting an inter-
action of the loop with the groove. However, further
analyses are necessary to test this hypothesis. The
interaction of all tested LoopDARPins with BCL-2
could be specifically inhibited by preincubation with
free non-biotinylated target, as determined by com-
petition ELISA experiments (Fig. 7b and Fig. S10b),
and estimated affinities were consistent with results
obtained from SPR measurements (Table 2, Figs. 7c
and 8, Table ST2 and Figs. S10c and S11).
LoopDARPins 008_H10 and 008_F2 exclusively

bind BCL-2 with high affinity (KD = 58 pM and
523 pM, respectively) and only 008_F2 also binds
moderately to BCL-XL with a KD of 85.6 nM. Both
008_C6 and 008_D3 bind to BCL-2, BCL-XL and
BCL-W with the interaction to BCL-2 being the
strongest (Fig. 8). Again, if a selected LoopDARPin
binds more than one family member, the interaction
with the target the binder was initially selected against,
BCL-2, is the strongest (see also Supplementary
Results).Most importantly, the twoLoopDARPinswith
the highest affinity toward BCL-2 obtained from this
one-round selection were 008_H10 and 008_C6 with
KD values of 58 and 30 pM, respectively (Table 2,
Table ST2 and Fig. 8). This affinity is quite extraordi-
nary for a one-round selection experiment.
LoopDARPins originating from four-, three- or

one-round selections thus possess KD values in the
low nanomolar to mid-picomolar range (Table 2, Table
ST2 and Fig. 8). LoopDARPins therefore constitute a
large fraction of the highest affinity DARPins so far
reported, and some of these were obtained after only
one round of selection. This emphasizes the great
potential of our new LoopDARPin design.

Selected LoopDARPins possess favorable
biophysical properties

We performed in-depth biophysical analyses of
three selected LoopDARPins. Expression, purity
after single-step IMAC and storage stability were
identical with unselected LoopDARPins (data not
shown). SEC coupled to MALS revealed that all
three selected LoopDARPins possess a clear
monomeric species at a concentration of 1 mg/ml
(50 μM) (Fig. 9a). However, the percentage of
oligomeric species present varies, as observed for
unselected LoopDARPins. LoopDARPin 001_C10
(randomized caps) is largely monomeric with a small
dimer shoulder, and this shows that tightly binding,
predominantly monomeric LoopDARPins can be
obtained in selections. Nonetheless, 008_H10
(unrandomized caps) possesses additional peaks
at lower retention volumes, identified as oligomeric
species, and for 008_C6 (unrandomized caps),
these oligomeric species are more pronounced.
The CD spectra of the selected LoopDARPins
superimpose well with the spectra of unselected
LoopDARPins and conventional DARPins, confirm-
ing that their secondary structure contents are equal
(Fig. S13). As for unselected LoopDARPins, the
contribution of the additional amino acids from the
loop is too small to affect the overall spectrum. GdmCl
equilibrium unfolding experiments show midpoints
of unfolding between 2.91 and 3.39 MGdmCl (Fig. 9b
and Table 1), which compares well to values deter-
mined for unselected LoopDARPins and conventional
DARPins (N3C LoopDARPins between 2.25 and
4.5 M GdmCl; N3C DARPins between 2.88 and
4.95 MGdmCl [12]).With respect to thermal unfolding,
selected LoopDARPins tested show a single coop-
erative transition (Fig. 9b and Table 1). All selected
LoopDARPins tested belong to the group (see above),
which only show a first transition upon heating to 50–
60 °C, where about 20–40% of the initial helical CD



Fig. 9. (a) Monomeric or oligomeric state of three selected LoopDARPins, analyzed by SEC, coupled to MALS. For
sequences of the LoopDARPins, see Fig. S9. The elution profiles represent the absorption at 280 nm (left-hand y-axis).
Indicated by a line of blue dots across the eluting peaks, the right-hand y-axis shows the molecular weight of the eluting
particles as determined by MALS. As an approximation, calculated molecular masses are as follows: monomer, 20 kDa;
dimer, 40 kDa; trimer, 60 kDa; tetramer, 80 kDa. For exact calculated molecular weights of the monomer, see Table 1.
Peaks corresponding to the monomeric species are denoted with an asterisk (*). The void volume (Vo = 10 ml) and the
total volume (Vt = 24 ml) are indicated by gray broken lines in the graph. Two (008_H10 and 001_C10) out of three
proteins are mainly monomeric at a concentration of 1 mg/ml (50 μM), whereas 008_C6 possesses a significant oligomeric
fraction. 008_C6 is the most hydrophobic of the three LoopDARPins. As for unselected LoopDARPins, the obtained results
underline that dimerization and oligomerization tendencies increase with increased hydrophobicity of the randomized
positions. (b) Equilibrium unfolding and (c) thermal denaturation of the three selected LoopDARPins investigated in (a).
(b) The equilibrium denaturation was followed by observing the CD signal at 222 nm as a function of [GdmCl] (see
Materials and Methods). The CD signal is displayed as fraction of the CD value of each sample at 0 M GdmCl. The
unfolding of the selected LoopDARPins tested cannot be well described by a two-state equilibrium system, and thus, no
ΔG values are reported and the apparent midpoints of denaturation are summarized in Table 1. (b) The thermal
denaturation was monitored by observing the CD signal at 222 nm. The CD signal is displayed as fraction of the CD value
of each sample at 20 °C. The heating gradient was 1 °C/min and melting was only partially reversible [i.e., only 50% of the
signal was regained upon cooling (data not shown)].
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signal is lost. However, theseLoopDARPins cannot be
denatured further.
We thus conclude that the high degree of stability

of DARPins [7] is retained in unselected and in
selected LoopDARPins, underlining the success of
our design.

Evaluation of the cap randomization strategy

To determine if certain cap variants were strongly
enriched at the expense of others during selections,
we compared their occurrence in the selected
LoopDARPins to the cap distribution present in the
naïve LD_Nmix3Cmix LoopDARPin library. A detailed
analysis can be found in Supplementary Results.
Importantly, all cap variants and combinations (except
for the Nran–Cold combination, which is present in low
frequency in the naïve library anyway) are present in
the final hits. This indicates that having all cap
combinations available is clearly beneficial and
emphasizes the importance of our design strategy to
provide addition diversity in the capping repeats.

image of Fig.�9
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Discussion

LoopDARPin design and characterization

Many studies demonstrated the ability of the original
DARPin design to generate highly specific binders
against numerous targets [4–6]. Nevertheless, we
aimed at modifying DARPins toward different modes
of target binding. By adding a long protruding loop to
the scaffold, we sought to increase the conformational
flexibility and the interaction surface of original
DARPins. This reengineering should yield a scaffold
with extended epitope binding properties.
To realize this notion, there were several obstacles

to be overcome. First, the insertion of a long loop will
naturally destabilize a given framework [108–110],
since restricting the degrees of freedom of the loop
upon folding constitutes a significant loss of entropy.
By using loops with a defined stem, as in the anti-
body CDR-H3 loop and in natural ankyrin repeat
proteins that possess loop insertions [23,35,43–46],
we create additional interactions within this stem and
between stem and DARPin framework, which greatly
diminish this entropy loss upon folding. Inspired
by nature, we employed sequence and structural
analyses to identify a loop consensus sequence,
composed of fixed stabilizing framework positions
and randomized potential interaction positions. This
loop could be placed into the existing DARPin
scaffold without extensive reengineering of the
DARPin framework. We found that, with this strate-
gy, the stability of the created LoopDARPins is very
similar to that of conventional DARPins.
Second, the insertion of a loop may create a clash

with neighboring repeats, as it disrupts the otherwise
orderly arrangement of the neighboring hairpin
repeats that are connected through H-bonds. How-
ever, by designing a mutation in the repeat following
the loop-containing one, this could be accommodat-
ed. More importantly, different conformations of the
loop could be shown to be compatible with the repeat
protein structure, such that the loop can sample
different conformations.
Third, we had to define a randomization strategy for

the loop. A balance had to be found to create a
potential target interaction surface yet avoiding issues
with folding of the protein. We chose a library con-
taining all amino acids except cysteine but biased the
library for Tyr, Ser and Gly, as this combination was
known from the analysis of natural antibodies [58–
60,62], natural protein–protein interactions [61] and
previous library designs [48–56] to be compatible with
this design goal. In the first installment of the library as
described here, only a single loop lengthwas used, but
the same strategy can be extended in the future to a
variable loop length, as in antibody CDR-H3 loops.
The interaction surface of LoopDARPins was

further increased through a cap randomization strat-
egy. The primary purpose of capping repeats [7,63]
is to seal the hydrophobic interface that mediates
the interactions between repeats at both ends of
the molecule. We created both N- and C-caps with
randomized residues. The inclusion of these random-
ized residues increases the total randomized surface
further and thereby should specifically allow binding
to those epitopes where binding is not possible with
constant caps because of repulsive interactions.
When tested for unfolding induced by heat or
denaturants, a negative effect of cap randomization
on overall stability was not observed, indicating that
the chosen positions are not critical for stability and
that the allowed residue types are compatible with the
structure.
Finally, we also improved the library design at the

nucleotide level, by placing defined restriction sites
between repeats, which greatly facilitates the re-
placement of single repeats or caps, for example, for
a localized mutagenesis strategy.
Theanalysis of unselected librarymembers showed

that our design largely preserved the favorable
biophysical properties of DARPins. LoopDARPins
can be expressed in large amounts in soluble form in
E. coli and remain soluble and folded over weeks at
4 °C. Stability of LoopDARPins compare well to the
stability of DARPins.
We did observe a tendency for dimerization and

oligomerization of the LoopDARPins, however, which
is much more rare in conventional DARPins. Several
lines of evidence point to the fact that this is caused by
the interactions of native molecules, through self-
complementarity: (i) this is reversible by dilution, and
monomer and oligomer peaks, isolated from a SEC
run, regenerate all peaks, when re-injected (Figs. S4
and S5); (ii) the crystal structure directly shows these
self-complementary loop and cap interactions in the
crystal packing (Fig. 5b); (iii) theCDmeasurements do
not hint at any decrease in helical content (Fig. S6 and
Table 1); (iv) increased hydrophobicity in the cap
region directly correlates with an increased dimeriza-
tion and oligomerization tendency, but not with a
decrease in stability (Fig. 4). Importantly, affinity and
specificity are not compromised by this behavior.
Moreover, it appears that the selected LoopDARPins
show a higher percentage of monomers than the
unselected library members, suggesting that stringent
selection may favor this property.
While the current design of the library is attractive

for applications in basic research or diagnostics,
where the high affinity and rapid enrichment of
specific binders can be exploited, we are aware that
further refinements of the library design are neces-
sary, before the LoopDARPins can be used for
therapy: the same structural features that allow the
selection of high-affinity binders in only one round of
ribosome display, such as exposed and structurally
adaptable loop residues, may also contribute to
the increased self-complementarity leading to some



713Novel LoopDARPin Library Design and Validation
dimerization and oligomerization tendency of Loop-
DARPins. Future design cycles will have to fine-tune
the balance between these two tendencies in order
to retain the unparalleled fast enrichment of very
specific, high-affinity binders yet diminish self-com-
plementarity. Fortunately, the DARPin scaffold is
very adaptable because of its intrinsic stability.

Rapid enrichment of binders with high affinity
and specificity

An initial proof-of-principle selection against the
kinase ERK2 with our first LoopDARPin library
possessing fixed caps readily yielded a binder with
low nanomolar KD within four rounds of ribosome
display (Table 2 and Figs. 7 and 8).
Subsequent selections were performed with our

second LoopDARPin library possessing additional
diversity in the capping repeats. This time, a family of
proteins, the anti-apoptotic BCL-2 family, served
as targets (Fig. 6 and Fig. S7). We were able to
generate a toolbox of well-characterized binders
against the family (Table 2, Figs. 7 and 8, Table ST2
and Fig. S9). Numerous LoopDARPins with affinities
in the low nanomolar to mid-picomolar range were
enriched within three rounds of ribosome display.
Selected LoopDARPins do not cross-interact with

unrelated targets as shown by ELISA (Fig. 7a and
Fig. S10a). We also verified that LoopDARPins per
se do not bind to the investigated targets (Fig. 7b),
as, for example, unselected LoopDARPins did not
interact with ERK2 or any BCL-2 family member.
In a further selection against BCL-2, we increased

selection stringency to its limit and directly performed
a single ribosome-display off-rate selection round
with our naïve LoopDARPin library with diversified
caps. Unexpectedly, recovered LoopDARPins pos-
sessed affinities in the mid- to low picomolar range,
with an affinity of even 30 pM for LoopDARPin
008_C6 (Table 2, Table ST2 and Fig. 8) obtained
after only one round of ribosome display. With the
use of identical highly stringent selection conditions,
no binders were recovered after one round from the
conventional DARPin library without loop and
without randomized caps [4,7].
The affinities determined by SPR of all selected

binders are in the low nanomolar to low picomolar
range. The association rates are in the typical range
for protein–protein interactions (104 to 106 M−1 s−1)
[111] and the dissociation rates range from 10−4 to
10−6 s−1 (10−2 s−1 when including also the mea-
surements on non-cognate targets) (Table 2 and
Table ST2). Selected binders possess biophysical
properties (Table 1 and Fig. 9), which are in the same
favorable range as for unselected LoopDARPins and
conventional DARPins without loop [7,12].
We are aware of the fact that the observed recovery

of high-affinity binders after only one round from our
LoopDARPin library might be target- dependent. So
far, we only compared the performance after one
round of selection for our LoopDARPin library and the
conventional DARPin library using BCL-2 as a target.
Future comparative selections using additional tar-
gets have to show whether the improved recovery of
binders during highly stringent selection conditions
fromour LoopDARPin library canbe extended to other
targets or at least to define the properties of favorable
targets. Single-round selections resulting in such
high-affinity and high-specificity binders would open
the door to massively parallel selection strategies in a
common liquid vessel, since the cumbersome elution
and generation of the next-round library pool—which
must be carried out for each target separately to
maintain enrichment and thus requires parallel liquid
handling—would become unnecessary, but they may
also contribute to the high fraction of picomolar
binders observed.

Cap randomization and selection

High-affinity LoopDARPins with unrandomized and
randomized caps have been selected, showing that the
introduction of our designed loop by itself is sufficient to
generate highly specific binders with high affinity.
Variants with unrandomized and randomized caps
were selected from our second LoopDARPin library
(containing diversified caps), illustrating that additional
diversity with respect to capping repeats is clearly
beneficial (Fig. S14). Interestingly, fewer binders with a
randomized C-cap (Cran) than expected have been
selected. One reason for this observation might be the
reduced availability of these binders during selections,
perhaps because of the increased self-complementary
upon cap randomization. This suggests that the
selection might actually in itself enrich monomeric
proteins. Fine-tuning of the randomization strategy will
have to be addressed in future versions of the library,
since increased hydrophobicity of capping repeats
directly correlateswith increased self-complementarity.

Targeting the BCL-2 family

Wewereable to generateBCL-2andMCL-1-specific
LoopDARPins as determined by ELISA and SPR
(Fig. 7, Table ST2 and Figs. S10 and S11). In addition
to that, we generated LoopDARPins, which specifically
detect BCL-XL andBCL-W inELISA setups (Fig. 7 and
Fig. S10). However, future ribosome-display selections
with an increased selection pressure toward specificity,
for example, by rigorous prepanningwith the undesired
targets, may be used to generate LoopDARPins with
improved specificity for BCL-XL and BCL-W.
The availability of our BCL-2 family binder toolbox

(Fig. 8) may open up new possibilities in both basic
and pharmaceutical research for either the detection
or the inhibition of anti-apoptotic BCL-2 family
members, since intracellular application of DARPins
has recently been successfully shown [21,68].
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With ELISA experiments, we can show that all
selected binders bind to or near the target groove, as
this interaction can be blocked by the preincubation
with an excess of the natural groove ligand, the BH3-
only peptide BIM (Fig. 7a and Fig. S10a). This is, at
least to some degree, a consequence of the prepan-
ning strategy (Fig. 2), which successfully directed the
selected binders to this surface-exposed hydrophobic
groove on the target (Fig. 6). However, LoopDARPins
might possess an intrinsic property to bind to hydro-
phobic groove regions, possibly because of their
conformationally flexible hydrophobic loop. Indeed,
selected LoopDARPins from the one-round selection
(which did not include a prepanning step) bound to or
near the target groove (Fig. 7a and Fig. S10a).
Further experiments will have to test whether our

LoopDARPins can also block this crucial interaction
between anti-apoptotic and pro-apoptotic BCL-2
family members in vivo. If so, the selected binders
could be used for intracellular applications to investi-
gate the contribution of the BCL-2 family members in
programmed cell death in more detail and could serve
as a starting point for the development of future drugs.
We have not selected a binder, which binds to all

anti-apoptotic BCL-2 family members with high
affinity simultaneously. However, with LoopDARPin
008_C6, 012_F12 or 003_D9, for example, we have
binders, which bind to three (BCL-2, BCL-XL and
BCL-W) of the four family members at once. With
014_G9, we also have a LoopDARPin available,
which binds with high affinity to MCL-1 (Fig. 8). With
these two LoopDARPins, therefore, the family is
essentially covered. With the many engineering
options [6] of DARPins, we can not only work with
mixtures but also fuse them to create bispecific
molecules in different geometries—in the simplest
case, through a flexible glycine–serine linker.

Conclusions

As we have shown here, LoopDARPins, which
possess by design an increased interaction surface
and a conformationally flexible paratope, enable us to
select well-behaved and specific high-affinity binders
against numerous targets with unparalleled speed.
Enrichment of binders using LoopDARPins appears
to be faster thanwith antibody single-chain Fv libraries
[112] or with any other scaffold reported so far, even
though there may be some influence of the target.
Webelieve that LoopDARPins extend the options of

generating binders from this versatile scaffold for
many applications, as they replace the strictly con-
cave binding surface by one with a protrusion in the
middle and even larger diversity, without compromis-
ing on protein stability. However, unlike in conven-
tional DARPins, some increased self-complementary
that will be addressed by a refinement of the current
design still exists. Having LoopDARPins at hand, it is
now possible to select specific high-affinity binders
against targets using high stringency in combination
with a minimal number of selection rounds, which
makes LoopDARPins a valuable tool for high-
throughput biotechnological binder generation.
Materials and Methods

In silico analyses

The GenBank† [113] and the PDB‡ [114] databases
were used in our analyses. Alignments were performed
using ClustalX§ [115] and BLAST|| [116]. InsightII (Accelrys,
USA) was used for structural modeling.

Molecular dynamics simulations

All simulations were performed using the GROMOS
simulation package [117,118]. Initially, the consensus Loop-
DARPin was relaxed in vacuum by energy minimization
usinga steepest descent algorithm.A reaction-field approach
was used to treat the electrostatics. The cutoff for short-range
and long-range pairlist constructions was 0.8 and 1.4 nm,
respectively. Thepairlist wasupdatedevery five steps. A step
size of 2 fs was used. All bonds were constrained using the
SHAKE algorithm [119] with a tolerance of 0.0001. The
LoopDARPin was subsequently placed in a pre-equilibrated
cubic box filled with simple point charge water molecules
[120] (box size of 10.0 nm × 10.0 nm × 10.0 nmwith 14,354
watermolecules for a total of 44,711 atoms). The total charge
of the protein is−10e; therefore, 10 sodiumcounterionswere
added to render the systemelectrostatically neutral. Tomimic
the experimental conditions (pH 7.4), we protonated Lys
and Arg and the N-terminal amino group, while Glu and
Asp and the C-terminal carboxyl group were deprotonated.
The following equilibration step included raising the simula-
tion temperature from 60 to 300 K while simultaneously
decreasing the position restraint coupling constant from
25,000 kJ/mol/nm2 to 0 kJ/mol/nm2 in five equidistant steps
for both temperature and coupling constant. At each
equilibration step, a short 20-ps simulation at constant
volume was carried out. Constant temperature was main-
tained by a Berendsen thermostat (coupling time of 0.1 ps)
[121,122]. Initial velocities at a given temperature were taken
from a Maxwell–Boltzmann distribution. Simulations were
carried out for 50 ns using the GROMOS 45A4 force field
[123], with periodic boundary conditions at a constant
temperature of 300 K and constant pressure maintained by
a Berendsen thermostat (coupling time of 0.1 ps) and
barostat [coupling time of 0.5 ps and isothermal compress-
ibility of 4.575 × 10−4 (kJ/mol/nm3)−1], respectively
[121,122]. Structures were saved for analysis every 0.5 ps.
RMSFs around the average structure were calculated after
translational superposition of centers of mass and least-
squares rotational fitting of atomic positions with respect to
the equilibrated structure.

Molecular biology

Unless stated otherwise, all experiments were per-
formed according to protocols found in Ref. [124]. Buffers
and enzymes were from Fermentas (Germany) or New
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England Biolabs (USA). The sequence of all oligonucle-
otides used can be found in Tables ST3–ST5.
Creation of ribosome-display format LoopDARPin
libraries using novel ribosome-display vectors pRDV1
and pRDV3

pRDV1 contains unrandomized capping repeats N and C,
whereas pRDV3 contains the Nmix and Cmix capping library
mixtures (Supplementary Materials and Methods and
Fig. S2). By ligation of the I-IL-IF core library (Supplementary
Materials and Methods) into either pRDV1 or pRDV3 and by
a PCR using this ligation mix as a template, capping repeats
and flanking DNA regions necessary for ribosome display
[42,64] were added to the core library. The N-I-IL-IF-C
ribosome-display format librarywas created by cloning I-IL-IF
via BstAPI/ApoI into pRDV1, followed by the PCR amplifica-
tion of the ligation mix with oligonucleotides T7B and TolAk.
The Nmix-I-IL-IF-Cmix ribosome-display format library was
created accordingly via BstAPI/Bpu10I into pRDV3 (Fig. S2).
Antigen production vectors

Coding sequences for all BCL-2 family members and
BIM were generated from oligonucleotides (Table ST4)
using assembly PCR with Vent® Polymerase (1 min
annealing at 50 °C and standard buffers). The coding
sequence for ERK2 was PCR amplified from the vector
NpT7-5His6_ERK2 [125] as template, using oligonucleo-
tides pAT223_ERK2_f and pAT223_ERK2_r. For the
expression of His-tagged, biotinylated ERK2 and BCL-2
family members, the resulting PCR products were cloned
via BamHI/HindIII into pAT223-pD and pAT222-pD,
respectively, to yield the expression vectors pAT223-
pD_ERK2 and pAT222-pD_BCL-2, pAT222-pD_BCL-XL,
pAT222-pD_BCL-W and pAT222-pD_MCL-1. His-
tagged, biotinylated BIM peptide (BIM peptide sequence:
MRPEIWIAQELRRIGDEFNAYYAR) used for prepanning
was cloned via BamHI/HindIII into pAT223 [13,126] to yield
the expression vector pAT223_BIM. For the expression of
His-tagged, non-biotinylated BCL-2 family members
(BCL-2, BCL-XL, BCL-W and MCL-1), the corresponding
final PCR products were cloned via BamHI/HindIII into
pPANK [7] to yield the expression vectors pPANK_BCL-2,
pPANK_BCL-XL, pPANK_BCL-W and pPANK_MCL-1.
NpT7-5His6_ERK2 was used for the expression of His-
tagged, non-biotinylated ERK2. pAT223-pD constructs
possess an Avi tag for biotinylation at the N-terminus,
followed by a His6 tag. pAT222-pD constructs carry an Avi
tag for biotinylation at the N-terminus and a His6 tag at the
C-terminus. pPANK constructs possess an N-terminal
MRGSHis6 tag. pAT223 constructs possess an Avi tag for
biotinylation at the N-terminus followed by protein D (pD)
and a His6 tag. pBirAcm (Avidity) was used for in vivo
biotinylation.
LoopDARPin and antigen production and purification

For LoopDARPin protein expression, LoopDARPinswere
converted from the ribosome-display format through PCR
amplification (oligonucleotides JSCRDif4 and WTC3n, for
sequences, see Table ST3) and cloned into pPANK [7] via
BamHI/HindIII. Stationary overnight XL1-Blue (Stratagene,
USA) cultures (2YT, 1% glucose, 50 mg/l of ampicillin;
37 °C) were used to inoculate 1-l cultures (2YT, 50 mg/l of
ampicillin; 37 °C) to an initial OD600 = 0.075. At OD600 =
0.8, the cultures were induced with 500 μM IPTG and
incubated for 4 h. Cultures were centrifuged and the
resulting pellets were resuspended in 35 ml of 50 mM
Tris–HCl (pH 7.5), 500 mM NaCl, 10% glycerol and
20 mM imidazole and were sonicated. The lysates were
re-centrifuged and proteins were purified over a Ni-nitrilo-
triacetic acid column (2 ml column volume) according to
the manufacturer's instructions (Qiagen, Germany).
Expression of all ERK2 and BIM constructs was

performed in E. coli BL21(DE3) (Stratagene, USA) at
30 °C. All other target constructs were expressed at 37 °C
in E. coli XL1-Blue (Stratagene, USA). IMAC purification
was performed as described for LoopDARPins. All buffers
for target purification contained 2 mM 2-mercaptoethanol
and purification was carried out at 4 °C. The biotinylated
proteins ERK2, pD-BIM, BCL-2, BCL-XL, BCL-W and
MCL-1 (plasmids pAT223-pD_ERK2, pAT223_BIM and
pAT222-pD_BCL-2, pAT222-pD_BCL-XL, pAT222-
pD_BCL-W, pAT222-pD_MCL-1) were produced using in
vivo biotinylation with plasmid pBirAcm according to the
protocols of Avidity and Qiagen. IMAC-purified, biotinylat-
ed protein was separated from non-biotinylated protein
using anion-exchange chromatography. Prior to anion-
exchange chromatography, proteins were dialyzed into
low salt ion-exchange buffer [50 mM Hepes (pH 8.5),
200 mM NaCl, 10% glycerol and 1 mM DTT] and eluted
with a linear gradient of high salt ion-exchange buffer
[50 mM Hepes (pH 8.5), 400 mM NaCl, 10% glycerol and
1 mM DTT] at 4 °C, using an ÄKTAexplorer FPLC system
with a Mono Q HR 5/50 column (GE Healthcare
Biosciences, Pittsburg, USA). Non-biotinylated proteins
were obtained as follows: IMAC-purified, non-biotinylated
ERK2 (plasmid NpT7-5His6_ERK2) was purified using
ion-exchange chromatography to remove phosphorylated
ERK2. Non-biotinylated BCL-2, BCL-XL, BCL-W and
MCL-1 (plasmids pPANK_BCL-2, pPANK_BCL-XL,
pPANK_BCL-W and pPANK_MCL-1) were solely IMAC
purified. To obtain non-biotinylated BIM for the use as
competitor in competition ELISA experiments, we used the
non-biotinylated anion-exchange fraction from the purifi-
cation of the pAT223_BIM construct. The exact mass of all
proteins was confirmed by mass spectrometry.
Size-exclusion chromatography

Analytical gel filtration was carried out at room temperature
on an ÄKTAmicro FPLC system with a Superdex 75 PC 3.2/
30 column (GE Healthcare Biosciences). Runs were per-
formed with TBS150 [20 mM Tris–HCl (pH 7.5) and 150 mM
NaCl] as running buffer at a flow rate of 60 μl/min. Moreover,
correct folding of anti-apoptotic BCL-2 family members was
analyzed through complex formation with a pD fusion of their
natural BH3-only BIM peptide ligand using a Superdex 200
PC 3.2/30 column (GE Healthcare Biosciences).
SEC combined with MALS

The absolute mass of protein samples was determined
using a liquid chromatography system (Agilent LC1100;
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Agilent Technologies, Santa Clara, USA) coupled to an
Optilab rEX refractometer (Wyatt Technology, Santa
Barbara, USA) and aminiDAWN three-angle light-scattering
detector (Wyatt Technology). For protein separation, a 24-ml
Superdex 200 10/30 column (GE Healthcare Biosciences)
was run in TBS150 (pH 7.5) at 0.5 ml/min. Analysis was
performed using the ASTRA software (version 5.2.3.15;
Wyatt Technology).
CD spectroscopy

CD spectra and heat denaturation curves were recorded
on a Jasco J-715 instrument (Jasco, Japan) in TBS150
(pH 7.5) as described in Ref. [7] with a temperature shift
from 20 °C to 95 °C within 75 min and a response time of
1 s. For equilibrium denaturation measurements in
GdmCl, the unfolding of the LoopDARPins tested in the
present study cannot be precisely described by a simple
two- or three-state equilibrium system, and thus, no ΔG
values are reported. To nevertheless estimate approxi-
mate denaturation midpoints, we analyzed equilibrium
unfolding as previously described [12] and calculated them
from the fit of the midpoints according to Dmx = ΔG0x/mx,
where x refers to the first or the second transition.
Crystallization and data collection

IMAC-purified Nran1_G06_C was separated by prepar-
ative SEC in TBS150 (pH 8.0) using an ÄKTAexplorer
FPLC system with a Superdex 200 16/60 prep grade (GE
Healthcare Biosciences). The monomeric fraction was
subsequently concentrated to 5.3 mg/ml. Best-diffracting
crystals were obtained by using the sitting-drop vapor
diffusion method at 4 °C, in a 384-well crystallization plate.
The drops contained 0.2 μl of protein and 0.2 μl of
reservoir solution [0.1 M Na-cacodylate (pH 6.5), 0.2 M
Li2SO4, 8% polyethylene glycol 20,000 and 8% polyeth-
ylene glycol 550 monomethyl ether], equilibrating with
30 μl reservoir. The crystals grew in 1–2 weeks from clear
solution. Cryoprotection was achieved by adding glycerol
to a final concentration of 10%. Diffraction data were
collected at beamline PXI (X06SA) of the Swiss Light
Source (Villigen, Switzerland) at a temperature of 90 K
(see Table ST1 for data collection and refinement
statistics). Data were recorded at 1 Å on a PILATUS 6M
detector [127]. Images were processed with XDS [128].
The crystal belonged to space group P212121. Assuming
two molecules in the asymmetric unit, a Matthews
coefficient of 2.27 Å3/Da was calculated by using the
molecular mass of 19,784 Da for a monomer, which
corresponds to an estimated solvent content of 45.96%.
Molecular replacement, model building and refinement

The structure of Nran1_G06_C was solved by molecular
replacement using PHASER molecular replacement [129]
from within the CCP4 package [130] with a poly-Ala model
missing the second internal β-turn of the consensus
DARPin structure (PDB ID: 2XEE [47]) as a search
model. Model building was carried out by using the
program Coot [131]. The structure was refined using
PHENIX [132]. The refinement protocol included aniso-
tropic B-factors for all non-H atoms, occupancy refinement
of atoms in alternative conformations and target weight
optimization, resulting in a final model with an R-factor of
17.1% and an Rfree of 19.7%. Stereochemical properties
were analyzed with MolProbity [133] and WHATCHECK
[134]. Structure figures were generated in PyMOL¶.
Ribosome display

In vitro ribosome-display selections were performed as
previously described [13,41,42]. All selections were
performed in solution using 96-well deep plates on a
King-Fisher Flex (Thermo Fisher Scientific, Rockford,
USA). A ribosome-display round consisted of a 30-min
prepanning step on streptavidin-coated magnetic beads
(Dynabeads MyOne Streptavidin T1; Invitrogen, USA), a
1-h target binding step (panning) and a 30-min pull-down
with streptavidin-coated magnetic beads. Stringency was
increased through elongating washing steps after pull-
down and/or through the addition of non-biotinylated target
as competitor in off-rate selections after panning.
Target proteins were used at a final concentration of

250 nM. In off-rate selections, a final target concentration
of 50 nM was used. Improved off-rates were achieved
through the addition of a 250× molar excess of non-
biotinylated target. Eluted mRNA was isolated using the
SV Total RNA Isolation System (Promega) with a vacuum
manifold. Eluted and purified mRNA was reverse tran-
scribed into DNA using the oligonucleotide JSCRDir2
(5′-ATCTGCTTCGGCCTTCGCTTTAGCATCTGCCGC
CGCTTTCG-3′) and amplified by PCR (oligonucleotides
JSCRDif4 and JSCRDir2; see Table ST3).
Analysis of selected binders

DNA sequences were determined using standard
techniques. Amino acid sequences of all final hits are
listed in Fig. S9. For ELISA screening, cell pellets from
1-ml expression cultures were lysed with 50 μl B-PERII
(Thermo Fisher Scientific) and lysates were mixed with
950 μl PBS-TB (pH 7.4) [PBS containing a final concen-
tration of 0.1% (v/v) Tween 20 and 0.2% (w/v) BSA]. For
quantitative ELISA, analytical gel-filtration, CD and SPR
measurements, selected library members were produced
on a liter scale and purified as described above.
ELISA

Biotinylated antigens were immobilized as follows:
384-well high binding microplates (Greiner Bio-One GmbH,
Frickenhausen, Germany) were coated with 20 μl of
streptavidin (66 nM in PBS) and blocked with 0.2% BSA
(w/v) (44 μl PBS-TB). We immobilized 20 μl of 100 nM
biotinylated target proteins (in PBS-TB supplemented with a
final concentration of 1 mM DTT). For the screening of
selected pools, 20 μl of 1:100 diluted crude extracts was
applied to wells with or without immobilized antigen for
45 min at room temperature. After extensive washing,
bindingwas detectedwith an anti-RGS-His antibody (Qiagen
GmbH, Hilden, Germany; it specifically discriminates be-
tween the N-terminal RGS-His6 tags of LoopDARPins and
the C-terminal His6 tag of the antigen), an anti-mouse
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IgG-alkaline phosphatase conjugate (Pierce, Thermo Fisher
Scientific) and p-nitrophenylphosphate (Sigma-Aldrich,
Buchs, Switzerland). Quantitative ELISAs were performed
in the samemanner with purified LoopDARPins. For ELISAs
where target specificity and groove binding was determined,
binders were used at a final concentration of 5 nM.
Groove binding of LoopDARPins was assessed by a

groove competition ELISA, where the immobilized target
was incubated with a final concentration of 5 μM non-
biotinylated pD-BIM possessing a His6 tag (which does not
cross-react with the anti-RGS-His antibody), like the antigen,
for 1 h and during the LoopDARPin binding reaction. To
exclude that the abolished binding of LoopDARPins to the
target originates from interactions between LoopDARPin
and pD-BIM, we also tested LoopDARPin binding to immo-
bilized biotinylated pD-BIM (20 μl of 100 nM biotinylated
pD-BIM).
For competition ELISAs, purified binders (final concen-

tration, 2.5 nM) were incubated with increasing concen-
trations of non-biotinylated target for 1 h and during the
binding reaction. All washing steps were performed with
40 μl PBS-T per well on an ELx405 microplate washer
(BioTek, Winooski, USA). Dispensing steps were per-
formed on a MicroFlo Select liquid dispenser (BioTek).
Crude extracts were applied with a Liquidator96 system
(Mettler-Toledo GmbH, Greifensee, Switzerland).
Surface plasmon resonance

Binding kinetics of selected binders were determined by
SPRmeasurements on a ProteOn XPR36 instrument [135].
Experiments were performed in TBS150 with 0.005%
Tween-20 at 15 °C (with biotinylated ERK2 as target) or at
20 °C (with biotinylated BCL-2 family members). Biotinylat-
ed target proteins (75 nM) were immobilized on a ProteOn
NLC sensor chip. Interactions at intersecting spots were
measured at an analyte flow of 100 μl/min with 10 min buffer
flow stabilization, 4 min simultaneous analyte injection at
five different concentrations using a logarithmic dilution
series (0.5–50 nM) and a dissociation time of 2000 s with
buffer flow. Signals obtained through the injection of buffer
as analyte were subtracted from the measurements. Inter-
spot reference data were used to correct data for bulk
refractive index changes and baseline drifts. Binding curves
were collected, processed and analyzed with the ProteOn
Manager software (Bio-Rad Laboratories).
Protein Data Bank accession code

The atomic coordinates of LoopDARPin Nran1_G06_C
were deposited in the PDB [114] (PDB ID: 4K5C).
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