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ABSTRACT: The c-Jun N-terminal kinases (JNKs) are involved in many
biological processes such as proliferation, diﬀerentiation, apoptosis, and
inﬂammation and occur in highly similar isoforms in eukaryotic cells.
Isoform-speciﬁc functions and diseases have been reported for individual
JNK isoforms mainly from gene-knockout studies in mice. There is, however,
a high demand for intracellular inhibitors with high selectivity to improve the
understanding of isoform-speciﬁc mechanisms and for use as therapeutic
tools. The commonly used JNK inhibitors are based on small molecules or
peptides that often target the conserved ATP binding site or docking sites
and thus show only moderate selectivity. To target novel binding epitopes,
we used designed ankyrin repeat proteins (DARPins) to generate alternative
intracellular JNK inhibitors that discriminate two very similar isoforms, JNK1
and JNK2. DARPins are small binding proteins that are well expressed,
stable, and cysteine-free, which makes them ideal candidates for applications
in the reducing intracellular environment. We performed ribosome display selections against JNK1α1 and JNK2α1 using highly
diverse combinatorial libraries of DARPins. The selected binders speciﬁcally recognize either JNK1 or JNK2 or both isoforms in
vitro and in mammalian cells. All analyzed DARPins show aﬃnities in the low nanomolar range and isoform-speciﬁc inhibition of
JNK activation in vitro at physiological ATP concentrations. Importantly, DARPins that selectively inhibit JNK activation in
human cells were also identiﬁed. These results emphasize the great potential of DARPins as a novel class of highly speciﬁc
intracellular inhibitors of distinct enzyme isoforms for use in biological studies and as possible therapeutic leads.

M

ubiquitously expressed, while JNK3 expression is restricted to
the brain, heart and testis.7 JNK1 and JNK2 occur as α and β
variants, depending on diﬀerential splicing within protein
kinase subdomains IX and X. Furthermore, they can also be
alternatively spliced at the C-terminus resulting in short (“1”
being appended to the name) or long (“2”) splice forms, which
can be detected as 46 kDa and 54 kDa protein products,
respectively.7 Sequence alignment of these diﬀerent isoforms
shows an amino acid identity of greater than 80%. Jnk gene
knockout mice have provided valuable insights into the roles of
individual JNK isoforms. Both JNK1 and JNK2 seem to be
involved in the development of arthritis, heart disease and
immune disorders (reviewed in ref 8). JNK1 has been shown to
play a critical role in obesity, Type 2 diabetes and non-alcoholic
liver disease, whereas JNK2 seems to be involved in
atherosclerosis, Type 1 diabetes and TNF-induced liver
damage.8 To further elucidate isoform-speciﬁc physiological
functions of JNK1 and JNK2 and to target isoform-speciﬁc

itogen-activated protein kinases (MAPKs) are key
factors in cellular signal transduction and are involved
in many important biological processes and a whole range of
diseases. In mammalian cells, four major MAPK pathways have
been described and named after their MAPK component: c-Jun
N-terminal kinase (JNK),1 extracellular signal-regulated protein
kinase (ERK),2 p383 and ERK5.4
The JNK pathway is preferentially activated by stressful and
inﬂammatory stimuli including cytokines, growth factors, heat
shock, oxidant stress and UV radiation and regulates a range of
cellular processes that include proliferation, diﬀerentiation,
apoptosis and inﬂammation.5,6 JNKs are themselves activated
by phosphorylation on two critical residues, Tyr and Thr, by
the upstream MAPK kinases MKK4 and MKK7. Upon
activation, JNKs regulate gene expression through phosphorylation of serine/threonine residues in discrete sets of
transcription factors, such as c-Jun, ATF-2 and Elk-1.
Furthermore, JNKs can activate various proteins in the
cytoplasm and mitochondria and can thus regulate events in
multiple intracellular compartments.5,6
In mammals, JNKs are encoded by three diﬀerent genes
(jnk1, jnk2 and jnk3) that are alternatively spliced to give rise to
10 highly similar isoforms. Both JNK1 and JNK2 are
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reducing intracellular environment.20,24 DARPin libraries, in
combination with powerful selection techniques such as
ribosome display25 or phage display,26 have already been used
successfully to obtain target-speciﬁc binders with high aﬃnities,
e.g., to MAPKs, members of the ErbB receptor family, TNFα
and epithelial cell adhesion molecule (EpCAM).27−30 Furthermore, DARPins were created that show intracellular
inhibition of the bacterial kinase aminoglycoside phosphotransferase type (3′)-IIIa (APH) by binding to the C-terminal
loop of the kinase and trapping it in an inactive
conformation.31,32 Other selected DARPins inhibit the TNFα-mediated NF-κB activation in human cells.33
In this work, we describe the rapid selections of highly
selective DARPins that recognize either exclusively JNK1 or
JNK2 or both isoforms in vitro with aﬃnities in the low
nanomolar range. All analyzed DARPins inhibit the activation
of JNK in an isoform-speciﬁc manner in vitro at physiological
ATP concentrations. Furthermore, selected DARPins show
isoform-speciﬁc binding to JNK1 and JNK2 and inhibition of
JNK activation in mammalian cells.

diseases, selective inhibition of individual JNK isoforms is
necessary.
The most commonly used JNK inhibitors are based on small
molecules that target the active site of the enzyme, which is
highly conserved among protein kinases and includes a binding
site for the essential co-factor ATP (reviewed in refs 9 and 10).
Speciﬁcity is thus diﬃcult to achieve, and inhibition is further
attenuated by the high ATP concentration in the cells that must
be competed, which was also observed with SP600125, a widely
used ATP-competitive inhibitor of JNKs.11
As an alternative, peptide inhibitors were generated that
interfere with the docking sites of upper kinases or downstream
substrates or the scaﬀold proteins on the surface of JNKs.
These inhibitors have usually been derived directly from the
sequences of these interacting partners of JNKs. For example,
cell-permeable peptides derived from the scaﬀold protein JNKinteracting protein 1 (JIP1) were successfully used in studies
for JNK-related diseases such as diabetes, stroke and neurodegenerative diseases (reviewed in ref 12). Recently, a novel
JNK inhibitory peptide, PYC71N, was identiﬁed that inhibits
the binding of JNK to c-Jun.13
The binding of small molecules occurs preferably in grooves
and cavities and often shows only moderate aﬃnities, probably
due to the small interaction interface. Peptide-based inhibitors
are mostly directed against known docking sites, and to our
knowledge, selectivity between diﬀerent JNK isoforms has not
been achieved so far. Protein-based inhibitors are a promising
alternative to small molecules and peptide-based inhibitors,
because protein−protein interactions involve larger interaction
interfaces that could result in inhibitors with higher speciﬁcity
and higher aﬃnity and, most likely, a diﬀerent inhibition mode.
“Intrabodies” have been mostly based on single-chain Fv
antibodies (scFvs), but they often lack suﬃcient stability inside
the cell, since many scFvs require disulﬁde bonds, which cannot
form in the cytoplasm. This problem can be solved with
rational and evolutionary engineering eﬀorts or by restriction to
a few well folding subtypes in scFv format, as single domains or
as camelid VHH domains.14−17 Alternatively, high speciﬁcity
and intracellular activity can be achieved when starting from
frameworks that do not require disulﬁdes for stability, as
exempliﬁed, e.g., with the ﬁbronectin scaﬀold (monobodies)
directed against a small ubiquitin-related modiﬁer (SUMO) 1
isoform and against the Abl SH2 domain, respectively.18,19
We have developed the technology of designed ankyrin
repeat proteins (DARPins), which provide a large rigid
interaction surface, are very stable and do not have any
cysteines.20,21 They are predestined to bind to the surface of
target proteins with high speciﬁcity and thus provide an
attractive approach to target novel epitopes on the surface of
JNKs and to contribute to the development of isoform-selective
inhibitors that discriminate between JNK1 and JNK2.
DARPins are based on naturally occurring ankyrin repeat
proteins that are an abundant class of binding proteins found in
nearly all phyla.22 Ankyrin repeats are present extracellularly,
intracellularly and in membrane-associated form and are
involved in many diverse biological processes such as cell
cycle control, transcriptional regulation, cytoskeletal organization, cell development and diﬀerentiation.22,23 Based on
sequence and structure analysis, combinatorial libraries of
DARPins were designed with very favorable biophysical
properties. They are very well expressed and soluble in the
bacterial cytoplasm, highly stable and cysteine-free, which
makes them interesting candidates for applications in the

■

RESULTS AND DISCUSSION
Earlier studies have demonstrated that DARPins can be
selected to virtually any target of interest with high speciﬁcities
and high aﬃnities. Since they express and fold well in the
cytoplasm, we wanted to test whether DARPins could be used
as speciﬁc intracellular modulators of enzymes or other proteins
in general. In the present work, we applied a competition
ribosome display selection approach to identify DARPins that
discriminate between the two highly similar isoforms JNK1 and
JNK2. Binding speciﬁcities were determined in vitro, in cell
lysates as well as within mammalian cells using bioluminescence
resonance energy transfer (BRET) technology. Finally,
inhibition of the JNK pathway was analyzed in vitro with an
ELISA-based kinase assay and, as the most critical test, in
human cells.
Selections and Binding Speciﬁcities of JNK IsoformSpeciﬁc DARPins. In eukaryotic cells, the most dominant
isoforms found are the short splice form of JNK1 (JNK1α1)
and the long splice form of JNK2 (JNK2α2).34−37 For the
generation of isoform-selective binders we chose the short α
splice forms JNK1α1 and JNK2α1 as targets to direct the
selections toward binders that can discriminate between JNK1
and JNK2 by binding to the kinase core instead of the
elongated C-terminus of the long splice form. Non-biotinylated
and biotinylated JNKs were produced in E. coli in a soluble and
non-phosphorylated (inactive) form as fusions to bacteriophage
lambda protein D (pD)38 to increase expression yield and
solubility of the targets, as described previously.27 The target
pD_JNK1α1 could be puriﬁed as a monomeric protein,
whereas pD_JNK2α1 was present as a mixture of monomers
and dimers, which could not be separated due to rapid
equilibration between these two species.
For selections, the highly diverse combinatorial DARPin
libraries N2C and N3C were used, which consist of an Nterminal capping repeat, 2 or 3 internal repeats with
randomized positions and a C-terminal capping repeat.20
These libraries were applied to ribosome display (RD)
selections, a method that works entirely in vitro linking
genotype and phenotype via the ribosome.25 To increase
selection pressure for isoform speciﬁcity, the target isoform
pD_JNK1α1 was immobilized on plates and the non-desired
isoform pD_JNK2α1 was present as competitor in solution and
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Figure 1. Binding speciﬁcities of selected DARPins. (A) DARPins derived from ribosome display selections were tested in a crude extract ELISA for
speciﬁc binding to JNK1 and JNK2 and neutravidin + BSA as control. (B) Puriﬁed DARPins (200 nM) were analyzed for isoform-speciﬁc
interactions as well as for binding to other MAPKs. To rule out unspeciﬁc binding to pD, MAPKs lacking pD fusion were tested. Binding of
DARPins to active phosphorylated (P) MAPKs was also investigated. DARPin J1/2_2_3 that was previously selected against JNK2 (original name
JNK2_2_3) and the unselected library member E3_5 were also included. The experiment was performed in triplicates, and the background binding
signals from detection antibodies were subtracted.

vice versa. Already after 3 RD selection rounds, enrichment for
the targeted JNK isoform with the N2C and N3C libraries was
observed for both targets, compared to the unspeciﬁc
background control neutravidin and bovine serum albumin
(BSA) (Supplementary Figure S1).
To screen individual DARPins for binding to their speciﬁc
target, single clones were expressed in E. coli and analyzed using
an enzyme-linked immunosorbent assay (ELISA) with crude E.
coli extracts as described previously.29 From the selections
against JNK1α1, 40% N2C DARPins and 47% N3C DARPins
were identiﬁed that showed speciﬁc binding to JNK1α1. Only
few DARPins were found that bound to both isoforms (4%
N2C and 2% N3C DARPins). Selections against the other
isoform JNK2α1 resulted in 56% N2C DARPins and 40% N3C
DARPins with speciﬁc binding signals for the targeted isoform.
In addition, 33% N2C DARPins and 26% N3C DARPins were
identiﬁed that recognized both JNK1 and JNK2. None of the
analyzed DARPins showed binding to the neutravidin + BSA
control. DARPins with the most prominent binding signals in
the crude extract ELISA are presented in Figure 1A. The
DARPins were named J1_#, J2_# or J1/2_#, according to their
binding speciﬁcities to JNK1, JNK2 and both isoforms,
respectively.
To determine the binding speciﬁcities of the selected
DARPins in more detail, interactions with diﬀerent JNK
isoforms and other highly similar MAPKs, such as ERK2 and
p38α, were investigated by ELISA using puriﬁed DARPins
(Figure 1B). To exclude unspeciﬁc binding to the fusion
protein pD, interactions with MAPKs lacking pD were also

analyzed. Furthermore, we included the phosphorylated
(active) forms of the kinases to test whether the selected
DARPins could also recognize the active state of a kinase.
All selected DARPins showed speciﬁc binding to JNK
isoforms but no (or little, in case of J1_4_7) interaction with
the other highly similar MAPK ERK2 or p38α, demonstrating a
high binding speciﬁcity for JNKs. Furthermore, the recognition
of JNK isoforms was independent of the presence of the fusion
protein pD, conﬁrming the exclusive binding to the target
JNKs. JNK1-speciﬁc DARPins, namely, J1_2_32, J1_4_7 and
to a lesser extent J1_8_27, also recognized the active
phosphorylated form of their target, but none of them
interacted with any analyzed JNK2 isoform. DARPin
J1/2_2_25 targeted all tested JNK isoforms. Surprisingly,
DARPin J2_3_29 showed binding not only to all JNK2
isoforms but also some signiﬁcant binding to non-phosphorylated JNK1 under these assay conditions (Figure 1B), which is
in contrast to the results obtained from the crude extract ELISA
(Figure 1A). Nevertheless, DARPin J2_3_29 did not bind to
phosphorylated JNK1. Therefore, the selectivity for JNK2 was
at least maintained in the case of the active kinases.
Unfortunately, other analyzed DARPins that showed JNK2speciﬁc binding signals in the crude extract ELISA failed to
discriminate between JNK1 and JNK2 under these conditions.
The most likely explanation for this seems to be the presence of
detergents in the crude extract ELISA that denatured the
corresponding binding epitopes on JNK1, leading to the
impression of JNK2 speciﬁcity.
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We also included DARPin J1/2_2_3 (original name
JNK2_2_327) in our studies. This DARPin was previously
selected against JNK2 and showed speciﬁc binding to JNK2
with low nanomolar aﬃnity but had not been tested for binding
to JNK1.27 In our more detailed analysis, DARPin J1/2_2_3
recognized all tested isoforms of JNK2 as well as of JNK1
(Figure 1B). Therefore, the name was changed to J1/2_2_3 to
demonstrate that this DARPin can bind to both isoforms and
not only to JNK2. Interestingly, DARPin J1/2_2_3 has the
same binding speciﬁcity as J1/2_2_25, even though they were
obtained from independent selections using diﬀerent strategies.
Furthermore, looking at the amino acid sequences, DARPins
J1/2_2_25 and J1/2_2_3 show very high similarity, whereas
the other DARPins have very distinct sequences (Supplementary Figure S2). The unselected DARPin library member
E3_5 was included as negative control and showed no binding
to any kinase, as expected.
In summary, the selections against two highly similar JNK
isoforms JNK1α1 and JNK2α1 resulted in DARPins that either
exclusively recognize JNK1 or demonstrate preference to JNK2
or bind to both isoforms. All DARPins are very selective for the
JNK family members and do not bind to other MAP kinases.
Size Exclusion Chromatography of DARPins and
Stoichiometry of JNK-DARPin Complexes. Since a
tendency for aggregation would be an undesired property of
a potential inhibitor, the selected DARPins were further
characterized by size exclusion chromatography (SEC). All
selected binders eluted as a single peak, suggesting no
aggregation tendency in solution at a concentration of 15 μM
(Supplementary Figure S3).
To determine the exact molar mass of the DARPins and the
stoichiometry of JNK-DARPin complexes, SEC combined with
multi-angle (static) light scattering (MALS) was performed. In
case of JNK1, the kinase alone eluted as a single monomeric
species (Figure 2A,B). Upon binding of the selected DARPins,
the peak of the corresponding complex shifted to lower elution
volume and the molar masses of the complexes were
determined to be about 71.8 kDa in the presence of N2C
DARPins and about 75.2 kDa in the presence of N3C DARPins
(theoretical molar mass for pD_JNK1α1 is 57 kDa, for a N2C
DARPin about 14.8 kDa, for a N3C DARPin about 18.2 kDa).
This indicates a 1:1 binding stoichiometry for all JNK1DARPin complexes (Figure 2A,B). Additional small peaks were
observed at lower elution volume with calculated masses of
about 130−168 kDa, which would imply a small amount of
dimer formation of the whole complexes.
Similar ﬁndings were obtained for the JNK2-DARPin
complexes (Figure 2C). All analyzed DARPins bound in a
1:1 ratio to the monomeric species of the kinase, resulting in a
protein complex of 71.6 kDa (theoretical molar mass for
pD_JNK2α1 is 56.8 kDa, for a N2C DARPin about 14.8 kDa).
The JNK2 kinase alone showed the expected monomeric peak,
but in contrast to JNK1 also an additional peak at 109.5 kDa,
indicating a dimeric state. Upon binding of the selected
DARPins, this dimeric peak showed also a slight shift to lower
elution volume and calculated molar masses of 115−140 kDa,
which suggests a binding of the DARPins to the dimeric kinase
as well (Figure 2C). As for JNK1, additional small peaks at
lower elution volume were observed after formation of JNK2DARPin complexes, implying a slight tendency for complex
oligomerization. An approximate molar mass could not be
determined due to the low concentration of these oligomers.
The molar masses calculated from the peaks corresponding to

Figure 2. Determination of stoichiometry of JNK-DARPin complexes.
Elution proﬁles and molar masses of JNK1 (A, B) and JNK2 (C) alone
and in complex with DARPins were analyzed by size-exclusion
chromatography combined with multi-angle (static) light scattering
(SEC-MALS). pD_JNK1α1 or pD_JNK2α1 (15 μM) were incubated
with the corresponding DARPin (37.5 μM) at a molar ratio of 1:2.5,
and the mixtures were loaded on a Superdex 200 column. The elution
proﬁles are monitored by the relative absorbance at 280 nm (left-hand
y-axis). The determined molar masses are given by the horizontal
traces at the corresponding protein peaks (right-hand y-axis). For each
DARPin, the number of repeats is given in parentheses. Note that the
number of aromatic amino acids is diﬀerent in these DARPins
(Supplementary Figure S2), which leads to diﬀerent signal intensities
at 280 nm.

free DARPins conﬁrmed the monomeric state for all analyzed
DARPins (Figure 2A−C).
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Table 1. Aﬃnities and Binding Kinetics of Selected DARPinsa
DARPin (size)
J1_2_32 (N3C)
J1_4_7 (N3C)
J1_8_27 (N3C)
J2_3_29 (N2C)
J1/2_2_25 (N2C)
J1/2_2_3b (N2C)

target

kon1 (105 M−1 s−1)

koﬀ1 (10−4 s−1)

KD1 (10−9 M)

kon2 (105 M−1 s−1)

koﬀ2 (10−4 s−1)

KD2 (10−9 M)

JNK1α1
JNK2α1
JNK1α1
JNK2α1
JNK1α1
JNK2α1
JNK1α1
JNK2α1
JNK1α1
JNK2α1
JNK1α1
JNK2α1

2.61 ± 0.04
NB
3.26 ± 0.03
NB
13.1 ± 0.2
NB
NB
3.12 ± 0.07
16.9 ± 0.3
3.03 ± 0.04
4.07 ± 0.06
1.97 ± 0.03

48.7 ± 0.6
NB
9.11 ± 0.10
NB
84.4 ± 0.9
NB
NB
42.8 ± 0.4
46.5 ± 0.7
7.39 ± 0.06
12.0 ± 0.1
9.30 ± 0.08

18.7 ± 0.4
NB
2.79 ± 0.04
NB
6.44 ± 0.12
NB
NB
13.7 ± 0.3
2.75 ± 0.06
2.44 ± 0.04
2.95 ± 0.05
4.72 ± 0.07

9.05 ± 0.36
NB
21.3 ± 0.9
NB
2.23 ± 0.02
NB
NB
19.4 ± 0.9
4.16 ± 0.04
26.9 ± 0.4
65.5 ± 1.9
32.4 ± 0.3

13.3 ± 0.5
NB
44.4 ± 1.2
NB
3.10 ± 0.09
NB
NB
20.7 ± 0.5
8.31 ± 0.13
14.5 ± 0.1
6.91 ± 0.12
9.30 ± 0.06

1.47 ± 0.08
NB
2.08 ± 0.10
NB
1.39 ± 0.04
NB
NB
1.07 ± 0.06
2.00 ± 0.04
0.539 ± 0.01
0.105 ± 0.004
0.287 ± 0.004

SRP binding kinetics were measured at 15 °C and ﬁtted with a heterogeneous ligand model (see Supporting Information). NB: no binding to the
target detected. Errors represent statistical ﬁtting errors. bOriginal DARPin name JNK2_2_3. Binding constants for JNK2α1: kon = 9.7 × 105 M−1
s−1, koﬀ = 20 × 10−4 s−1, KD = 2.1 × 10−9 M.27
a

Figure 3. In vitro inhibition properties of selected DARPins. ELISA-based kinase assays were carried out, and the amount of phosphorylated JNK or
phosphorylated substrate c-Jun was detected with phospho-speciﬁc antibodies against JNK or c-Jun. Graphs with blue bars belong to the JNK1
pathway, and graphs with red bars belong to the JNK2 pathway. (A) To investigate any direct inﬂuence of selected DARPins on JNK enzyme
activity, each DARPin (250 nM) was mixed with either active JNK1α1 or active JNK2α1 (4 nM) and the phosphorylation of c-Jun was assayed. (B,
C) To examine the inhibitory eﬀect of selected DARPins on the activation of JNK1 and JNK2 themselves, inactive (non-phosphorylated)
pD_JNK1α1 or inactive (non-phosphorylated) pD_JNK2α1 (4 nM) were incubated with the indicated DARPins (250 nM) and the
phosphorylation of JNK1 and JNK2 was monitored after incubation with the active upper kinase MKK4 (B). The same samples were further tested
for phosphorylation of c-Jun by JNK1 or JNK2 (C). (D) For inhibition of JNK activation in a cellular context, either inactive pD_JNK1α1 or
inactive pD_JNK2α1 (4 nM) was mixed with the indicated DARPins (250 nM) and the phosphorylation of JNK1 and JNK2 was initiated with
activated cell extract from HEK 293T cells. As control for all experiments, the unselected library member E3_5 (250 nM) was included. All
experiments were performed in triplicates, and the background signal of the detection antibodies was not subtracted. The amount of phosphorylated
JNK or c-Jun with no DARPin present was set to 100%.

heterogeneity of JNK2 and the ﬂexibility of the kinases in
general. All selected DARPins bound their speciﬁc target(s)
with aﬃnities in the low nanomolar range (Table 1).
Interestingly, DARPin J2_3_29 bound selectively to JNK2α1
and not to JNK1α1 under these conditions, which might be due
to lower concentrations or slightly diﬀerent buﬀer composition

Binding Constants of Selected DARPins. The aﬃnities
of the selected binders toward both targets JNK1α1 and
JNK2α1 were analyzed by surface plasmon resonance (SPR),
and the data were evaluated with a heterogeneous ligand model
(Table 1 and Supplementary Figure S4). This model seemed to
be most suitable and could be rationalized by the 1:1 binding
stoichiometry of the complexes, the poor stability of JNK1, the
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same inhibition mode, protecting the kinase from being
phosphorylated itself, and this eﬀect was moreover independent
of their isoform-speciﬁcity. For the best inhibiting DARPins
J1/2_2_25 and J1/2_2_3, almost complete inhibition was
observed at the protein level, comparable with gene knockouts.
These ﬁndings suggest that the inhibitory DARPins act as
inhibitors at the level of JNK activation by either preventing
binding of the upper kinase(s) MKK4/7 to JNK or by
interfering with the activation process itself, e.g., by an allosteric
eﬀect. Compared to small molecule and peptide inhibitors that
target the ATP binding site or the substrate binding site, the
selected DARPins thus provide a diﬀerent inhibition mode.
This inhibition mechanism, combined with high selectivity and
aﬃnity, makes them interesting candidates for validation and
modulation of the JNK pathway.
In general, these ﬁndings support the vision that DARPins
combined with powerful selection strategies can be targeted
against various regions on a kinase and thereby can provide
distinct inhibition mechanisms. The selected DARPins
presented in this study inhibit JNK activation and thus seem
to have a distinct inhibition mode when compared to DARPins
selected against other kinases. For example, DARPin AR_3a
that inhibits the bacterial kinase aminoglycoside phosphotransferase type (3′)-IIIa (APH) binds to the C-terminal lobe of
the kinase and induces a structural change in the substrate
binding site. This results in allosteric inhibition of APH kinase
activity.31,32 We recently developed DARPins that can
discriminate between non-phosphorylated (inactive) and
phosphorylated (active) forms of another MAPK, namely,
ERK2. They bind to the region of the phosphorylation loop
and should thereby lead to diﬀerent inhibition modes.40 Thus,
DARPins can contribute to the identiﬁcation of various novel
epitopes leading to potential new inhibition mechanisms.
Binding Speciﬁcities to Endogenous JNKs. To analyze
the binding of selected DARPins to endogenous JNK isoforms
directly from human cells, pull-down experiments were
performed as described previously41 with some adaptations.
For this purpose, endogenous JNK isoforms were immunoprecipitated from HEK 293T cell lysate by individual DARPins
coupled to Ni-NTA beads and then analyzed by Western
blotting. For detection of speciﬁc JNK isoforms, an antibody
against JNK1 and an antibody against JNK2 were used. The
presence of the DARPins was conﬁrmed with an antibody
recognizing the N-terminal His-tag of the DARPins (Figure 4).
All JNK1-speciﬁc DARPins showed a band in the JNK1-speciﬁc
Western blot but not in the JNK2-speciﬁc Western blot,
indicating that they can speciﬁcally bind to endogenous JNK1.
Nevertheless, the intensities of the bands diﬀered signiﬁcantly
between the individual DARPins, with J1_8_27 being the most
potent DARPin for capturing endogenous JNK1 (Figure 4).
Interestingly, even though the JNK1-speciﬁc antibody can
recognize both the short (p46) and the long (p54) splice forms
of JNK1, only the p46 splice forms were detectable in the pulldown samples as well as in the cell lysate itself, suggesting that
the p46 splice forms are the predominant JNK1 splice forms in
these cells. DARPin J2_3_29 precipitated only JNK2 and not
JNK1, supporting its binding speciﬁcity for the JNK2 isoform.
Since the JNK2-speciﬁc antibody only recognizes the long
JNK2 splice forms, no conclusions can be drawn which splice
forms of JNK2 are present in the cells. DARPins J1/2_2_25
and J1/2_2_3 precipitated both JNK isoforms from the cell
lysate, giving rise to the corresponding bands on the JNK1- and
JNK2-speciﬁc Western blots. Since with the control DARPin

compared to the conditions used in the ELISA experiment
(Figure 1B).
In Vitro Inhibition Properties of Selected DARPins. To
investigate whether the selected DARPins inhibit kinase
activation and/or kinase activity in vitro, we performed ELISAbased enzyme assays as described previously39 with some
modiﬁcations. The phosphorylation of JNK itself (JNK
activation) was monitored by a JNK-phospho-speciﬁc antibody,
while the phosphorylation of the JNK substrate c-Jun (JNK
activity) was measured using a c-Jun-phospho-speciﬁc antibody.
For all assays, 1 mM ATP was used to mimic the physiological
ATP concentration in cells and to screen for potential ATPnoncompetitive allosteric inhibition mode.
To examine the direct inﬂuence of selected DARPins on JNK
activity, each DARPin was mixed with either active JNK1α1 or
active JNK2α1, and the phosphorylation of c-Jun was assayed
(Figure 3A). As controls, JNK1 and JNK2 activities were
measured in the absence of DARPins and in the presence of the
unselected DARPin library member E3_5. Under these
conditions, no signiﬁcant inhibition of JNK activity was
observed. This implies that the selected DARPins cannot
directly prevent activated JNK from phosphorylating its
substrate, indicating that they do not interfere with substrate
binding or catalysis.
To investigate the inhibitory potential of selected DARPins
on the activation of JNK1 and JNK2 themselves, nonphosphorylated JNK1 and JNK2, respectively, were ﬁrst
incubated with corresponding DARPins. Subsequently, the
JNK activation reaction was started with active kinase MKK4,
which is the upstream kinase of JNK1 and JNK2, and the rate
of JNK phosphorylation was measured (Figure 3B). After JNK
activation, part of the samples was further used to test for
phosphorylation of c-Jun in a second kinase reaction (Figure
3C). At the level of JNK activation, DARPins J1_2_32, J1_4_7
and J1_8_27 speciﬁcally reduced JNK1 phosphorylation to 5−
13%, whereas J2_3_29 only signiﬁcantly inhibited the JNK2
isoform (17% remaining activity). The most potent inhibitors
turned out to be J1/2_2_25 and J1/2_2_3, which showed
almost complete inhibition toward both JNK isoforms (0.6−
3.5% residual activity) (Figure 3B). The inhibition of JNK
activation by the DARPins also prevented JNK from
phosphorylating its substrate c-Jun (Figure 3C). No inhibition
of JNK activation or JNK activity was observed with the control
DARPin E3_5 (Figure 3B,C). Thus, the overall inhibition
mode of all inhibiting DARPins seems to be at the level of JNK
activation, which results in a downstream inhibition eﬀect
toward its substrate c-Jun.
To investigate this inhibitory eﬀect in a cellular context,
kinase assays with activated cell extract from human embryonal
kidney 293 T (HEK 293T) cells were performed. For this
purpose, JNK1α1 and JNK2α1 were again ﬁrst mixed with the
individual DARPins, and after activation with activated cell
extract (instead of active puriﬁed MKK4), the rate of JNK
phosphorylation was monitored. Under these conditions, the
individual DARPins demonstrated the same isoform-speciﬁc
inhibition of JNK activation as with puriﬁed MKK4, with
remaining residual activities ranging from 0 to 14%, depending
on the respective DARPin, whereas control DARPin E3_5 had
no detectable eﬀect (Figure 3D).
We thus demonstrated that all selected DARPins exhibit
strong inhibitory eﬀects with high selectivity toward either
JNK1 or JNK2 or both JNK isoforms under physiological ATP
concentration. Interestingly, all inhibitory DARPins showed the
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Figure 4. Binding of selected DARPins to endogenous JNKs. In a pulldown experiment, endogenous JNK isoforms were immunoprecipitated from HEK 293T cells by selected DARPins and analyzed by
Western blotting. For detection, speciﬁc antibodies against JNK1
(both splice forms) and JNK2 (long slice form) were used. The
presence of the DARPins was conﬁrmed by an antibody recognizing
the N-terminal RGS-His tag of the DARPins. As controls, the
unselected library member E3_5 and beads with no DARPins were
included. The cell lysate used for the pull-down experiments was also
analyzed directly for the presence of diﬀerent JNK isoforms.

E3_5 or with empty beads no JNK was precipitated, the
interactions between the selected DARPins and endogenous
JNK isoforms seem to be very speciﬁc.
Binding Speciﬁcities within Cells. Although the pulldown experiments showed the potential of selected DARPins
to bind speciﬁcally to diﬀerent endogenous JNK isoforms, the
interactions in living cells might be diﬀerent compared to those
in cell lysates. Thus, we chose the most promising DARPins
J1_8_27, J2_3_29, J1/2_2_25, J1/2_2_3 and the control
DARPin E3_5 and analyzed their binding speciﬁcities within
cells using bioluminescence resonance energy transfer (BRET)
technology. BRET2 assays (the superscript denoting the use of
GFP2, a variant of green ﬂuorescent protein) were performed in
COS-7 cells as described before42 with slight modiﬁcations. All
DARPins were expressed as DARPin-GFP2 fusions and the
kinases JNK1α1, JNK2α2 and the highly similar MAPK ERK2
as Renilla luciferase (Rluc) fusions (Rluc-kinase) (Figure 5A).
JNK1α1 and JNK2α2 were chosen as they seem to be the most
abundant splice forms in cells.34−37
The results obtained with BRET 2 assays showed a
signiﬁcantly higher binding signal of J1_8_27 to JNK1
compared to JNK2 and ERK2, conﬁrming JNK1 speciﬁcity
within cells (Figure 5B). In the case of DARPin J2_3_29, the
expected speciﬁc interaction with JNK2 was observed, but no
interaction with JNK1 or ERK2. DARPins J1/2_2_25 and
J1/2_2_3 recognized both JNK1 and JNK2, but not ERK2,
demonstrating their speciﬁcity for both JNK isoforms also in
living cells. All selected DARPins thus showed signiﬁcantly
higher speciﬁc binding signals for their corresponding JNK
isoforms, compared to the binding signals obtained for control
DARPin E3_5, implying that the interactions of the individual
DARPins are speciﬁc within these cells.
These ﬁndings (Figure 5B) are in good agreement with the
results obtained from pull-down experiments (Figure 4),
conﬁrming that the interactions of the selected DARPins are
also isoform-speciﬁc for JNK1 and JNK2 within intact cells.
Inhibition Properties in Cells. To identify speciﬁc
intracellular inhibitors of JNK1 and JNK2, the DARPins were
further tested for their inhibitory eﬀect on JNK activation in
eukaryotic cells. To achieve inhibition in cells, transfection must
be very eﬃcient and the intracellular expression levels of the

Figure 5. Analysis of kinase speciﬁc DARPin interactions in cells. (A)
Fusion expression constructs for BRET2 analyses in living cells. (B)
For BRET2 analyses, COS-7 cells were co-transfected with the
plasmids (1:1 DNA ratio) coding for the indicated Rluc-kinase and
DARPin-GFP2 fusion proteins and grown for 24 h. Light emission by
Renilla luciferase (Rluc) and GFP2 was followed immediately after
incubation with luciferase substrate. For each interaction, six wells
were tested. Data shown are mean ± SEM of 3−4 independent
experiments. *** indicates a highly signiﬁcant change (p > 0.001)
compared to the corresponding DARPin E3_5-GFP2 data set. bg, Rluc
expressed without a fusion partner.

DARPins should be high and exceed the expression levels of
endogenous JNK isoforms. In order to obtain a high expression
of DARPins in mammalian cells, we optimized the Kozak
sequence including the N-terminal tag sequence for detection
(FLAG-tag). Since DARPins were originally designed for highlevel production in E. coli,20 also the DNA sequences of the
DARPins were codon-optimized for mammalian expression and
fused to EGFP in order to monitor both the transfection
eﬃciency and expression levels.
To apply a rather fast method to investigate intracellular
inhibition, we used a transient transfection method to deliver
DARPin genes into cells to achieve constitutive and high
intracellular expression levels of the inhibitors. Therefore, HEK
293T cells were transiently transfected with a vector expressing
the corresponding DARPin or the empty vector pcDNA3.1 as
control, and after expression for 24 h the JNK pathway was
activated with anisomycin for 1 h and the cell lysate was
analyzed on Western blot. Anisomycin, originally discovered as
an antibiotic that blocks translation, activates the JNK pathway
already at lower concentrations than needed for inhibition of
translation, but the mechanism is not fully understood.43 All
DARPins were expressed at similar levels as judged from the
band intensities obtained with anti-FLAG antibody (Figure
6A). The activation of the JNK pathway was detectable with the
phospho-JNK-speciﬁc antibody only after anisomycin treatment, while the level of total endogenous JNKs remained
constant. Two bands were visible with both anti-phospho-JNK
antibody and anti-JNK antibody, corresponding to JNK p46
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Figure 6. Inhibition properties of selected DARPins in cells. (A) HEK 293T cells were transiently transfected with FLAG-DARPin-EGFP constructs
or empty vector pcDNA3.1 as control. Cells were grown for 24 h and then activated with anisomycin for 1 h before the cell lysates were analyzed by
Western blotting. Speciﬁc antibodies against the phosphorylated (P) JNK isoforms, and all endogenous JNK isoforms were used as well as an
antibody recognizing the N-terminal FLAG tag of the DARPins. β-Actin was used as loading control and was detected by a direct antibody against
actin. (B) Same as in panel A, but 5% of the most ﬂuorescent cells were sorted by FACS prior to activation with anisomycin to eliminate nontransfected cells and cells with low DARPin expression.

and p54 isoforms. Yet, in the ﬁrst set of experiments, only a
small reduction of the phosphorylated JNK isoforms was
observed in the presence of DARPins J1/2_25 and J1/2_2_3,
while J1_8_27 and J2_3_29 even showed no detectable eﬀect
(Figure 6A and Supplementary Figure S5B). The reason for
this incomplete inhibition was found to be the high JNK
background activity derived from non-transfected cells and the
insuﬃcient inhibition by the low DARPin-expressing cells as a
result of ineﬃcient transfection: when analyzing the transiently
transfected cells by ﬂow cytometry, a cell population
corresponding to non-transfected cells was found, and even
the transfected cells showed variations in DARPin expression
levels for each tested construct (Supplementary Figure S5A).
We thus needed to enrich the high DARPin-expressing cells
(see below).
To further rule out a stimulating eﬀect of the expressed
DARPins themselves on JNK pathway activation, transiently
transfected cells were analyzed for activated JNK isoforms
before and after anisomycin treatment. The expression of
DARPins by itself did not initiate JNK phosphorylation, since
JNK-phospho-speciﬁc bands were detected only after addition
of anisomycin (Supplementary Figure S5B). Hence, we
concluded that the observed poor inhibitory eﬀect was mainly
due to the analysis of a mixed cell population, including cells
with no or insuﬃcient DARPin expression resulting from low
transfection eﬃciency.
We therefore modiﬁed the experimental setup to include a
pre-sorting step with ﬂuorescence-activated cell sorting (FACS)
to eliminate non-transfected cells and cells with low DARPin
expression levels. Cells were transiently transfected with
DARPin constructs and after 24 h of expression 5% of the
most ﬂuorescent cells were collected by FACS for each
DARPin tested. The same cell numbers were also collected for
non-transfected cells and cells transfected with pcDNA3.1
vector as controls. After sorting, the cells were activated with
anisomycin and cell lysates were analyzed by Western blotting
as described before. Under these conditions, overexpression of
DARPins J1/2_25 and J1/2_2_3 resulted in almost complete
inhibition of JNK activation in the sorted cells, since both
bands corresponding to phosphorylated JNKs were hardly
detectable (Figure 6B). Interestingly, in the presence of
DARPin J1_8_27, a signiﬁcant reduction of phosphorylated
p46 isoforms was visible, while p54 phosphorylation did not

seem to be aﬀected. On the other hand, DARPin J2_3_29
showed stronger inhibitory eﬀect on the p54 isoforms
compared to the p46 isoforms. As expected, control DARPin
E3_5 and the vector pcDNA3.1 did not aﬀect JNK
phosphorylation (Figure 6B).
Since the phospho-speciﬁc antibody does not discriminate
between JNK1 and JNK2 isoforms, we cannot draw any direct
conclusions on speciﬁcity toward JNK1 and JNK2 from these
inhibition experiments. Nevertheless, most cells that are
reported express mainly the short p46 kDa splice variant of
JNK1 and the long p54 kDa splice variant of JNK2.34−37 If this
is also true for HEK 293T cells, we can postulate that the
JNK1-speciﬁc DARPin J1_8_27 lowers mainly JNK1 activation, whereas the JNK2-speciﬁc DARPin J2_3_29 inhibits
mainly JNK2. DARPins J1/2_25 and J1/2_2_3, which
recognize both JNK1 and JNK2, led to the inhibition of both
the long and the short splice forms, thus inhibiting both JNK
species. This interpretation would be in good agreement with
the binding speciﬁcities of the DARPins observed in vitro and in
cells as well as with the speciﬁc inhibition found in vitro.
We thus demonstrated that the generated DARPins can be
very potent intracellular inhibitors of the JNK pathway when
expressed at high levels in all cells acting at the level of JNK
activation. Furthermore, there is compelling evidence that these
DARPins are indeed able of isoform-speciﬁc inhibition of JNK1
and JNK2 in cells.
In order to apply DARPins intracellularly for extended
biological studies, the delivery system has to be further
improved. Since DARPins are folded proteins, they cannot
cross the cell membrane and thus cannot be applied directly to
the cells. Adenoviral gene transfer could provide an interesting
solution, as it is a very powerful tool to eﬃciently introduce
foreign DNA into the tissue of interest, combined with
transient expression. In addition, adenovirus (Ad)-based
vectors have the ability to transduce a wide variety of cell
types in a cell-cycle-independent fashion.44 Adenoviral gene
transfer of the JNK binding domain of JNK-interacting protein1 (JIP-1) was already successfully used for the inhibition of the
JNK pathway in mice.45 To make the Ad-based transgene
delivery to desired cells more eﬃcient and target-speciﬁc, the
native tropism of the virus has to be altered. In our lab we
generated speciﬁc DARPins against the surface Ad ﬁber protein
as adapters and fused them with a DARPin speciﬁc for Her2, a
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cell-surface biomarker of cancer cells.46 This approach led to
the speciﬁc transduction of Her2-overexpressing cells in
contrast to control cells, conﬁrming the eﬀective targeting of
the viral delivery to the desired target cells. We envision that
the selected JNK isoform-speciﬁc DARPins could be combined
with cell-speciﬁc Ad-based gene delivery to inhibit the JNK
pathway speciﬁcally in pancreatic cells, heart or liver to target
diabetes and heart and liver diseases where individual JNK
isoforms were shown to be involved.8
Intracellular DARPins with isoform speciﬁcity might thus
help guide the development of small molecules toward the
relevant epitopes, most importantly when there are no speciﬁc
small molecule lead candidates available. The use of crystal
structures of JNK-DARPin complexes could serve as a starting
point for structural-based development of small molecule drugs
with the same inhibition mode. Whether DARPins will
themselves become a promising alternative to small molecules
and peptide inhibitors will depend on the further development
of the delivery system.

■

microtiter plates were blocked with blocking buﬀer (50 mM Tris
pH 7.4, 150 mM NaCl, 0.1% (w/v) BSA and 0.05% (v/v) Tween-20)
for 1 h. After washing the plate, each DARPin (250 nM) was mixed
with either non-phosphorylated, biotinylated pD_JNK1α1 or
pD_JNK2α1 (4 nM) in a total volume of 120 μL kinase buﬀer/well
(50 mM Tris pH 7.4, 10 mM MgCl2, 0.01% (w/v) BSA, 10 mM βglycerophosphate, 0.1 mM Na3VO4, 1 mM DTT, 1 mM ATP) for 1 h
to allow binding. The kinase reaction was started by adding 2 ng of
active MKK4 (SignalChem) and continued for 1 h.
To address the rate of JNK phosphorylation (JNK activation), in
each case 100 μL of the kinase reaction solution was transferred to a
well of a MaxiSorp plate that had been previously coated with
neutravidin (66 nM) and blocked with BSA. After 1 h of incubation for
capture of the biotinylated kinases, the plate was washed, and an antiphospho-SAPK/JNK (Thr183/Tyr185) antibody (Cell Signaling,
1:1000) was added for 2 h at 37 °C. As secondary antibody, alkaline
phosphatase-labeled goat anti-rabbit IgG (Sigma, 1:3000) was
incubated for 1 h at 37 °C. Plates were washed, and substrate solution
(3 mM 4-NPP, 50 mM NaHCO3, 50 mM MgCl2) was added for 1 h at
37 °C before the A410 signal was measured in a plate reader.
To investigate the rate of c-Jun phosphorylation (JNK kinase
activity), 10 μL of the kinase reaction solution was transferred to a well
of a MaxiSorp plate that had been previously coated with GST-c-Jun
(0.5 μg/well), blocked with BSA and ﬁlled with 90 μL of kinase buﬀer.
A second kinase reaction was performed for 1 h, and phosphorylated cJun was detected with an anti-phospho-c-Jun antibody (Cell Signaling,
1:1000) for 2 h at 37 °C followed by incubation with the same
secondary antibody as described above.
To investigate the direct inﬂuence of DARPins on c-Jun
phosphorylation, each DARPin (250 nM) was mixed with
phosphorylated, biotinylated JNK1α1 or JNK2α1 (1 nM), and 10
μL of this mixture was used directly for the second kinase reaction to
phosphorylate c-Jun as described above.
The eﬀect of DARPins on JNK phosphorylation was also
investigated with crude extract from UV-activated human embryonal
kidney 293T (HEK 293T) cells. Crude extract was prepared as
described.39 The kinase assay was performed as described above,
except that the ﬁrst kinase reaction was initiated with 5 μg of crude
extract instead of 2 ng of active MKK4.
Pull Down Experiments. DARPins were coupled to Ni-NTA
agarose beads, and pull-down experiments were performed with HEK
293T cells (ATCC) lysed in 50 mM Tris pH 7.8, 150 mM NaCl, 10
mM MgCl2, 1 mM DTT and 1% (v/v) NP-40 as described in the
Supporting Information and ref 41. JNK isoforms and DARPins were
veriﬁed on Western blots using primary antibodies against JNK1 (F-3)
(Santa Cruz Biotechnology, 1:200), against JNK2 (long splice forms)
(Cell Signaling, 1:2000) and against the RGS-His-tag (1:5000),
followed by corresponding secondary antibodies against rabbit and
mouse IgGs, respectively.
BRET2 Assays. Human JNK1α1, human JNK2α2 and rat ERK2
were fused to the C-terminus of Rluc and the selected DARPins to the
N-terminus of GFP2. Cloning of BRET2 constructs and optimization
can be found in the Supporting Information. COS-7 cells (ATCC
CRL-1651) were cultivated in DMEM including 5% (v/v) FBS Gold
(PAA) as described before42 and transfected in white 96-well
microplates (Nunc) using 1 μL of polyethylenimine (PEI, 1 mg/mL,
Polysciences) and 0.2 μg DNA per plasmid and well. Twenty-four
hours after transfection, cells were rinsed with phosphate buﬀered
saline (PBS), and 5 μM Coelenterazine 400a (ﬁnal concentration)
(Biotrend) was added immediately before BRET2 read-out. The light
output of Rluc and GFP2 were measured simultaneously (read time 1
s) for each well with ﬁlters at 410 nm wavelength (±80 nm band-pass)
for the Rluc and 515 nm (±30 nm band-pass) for the GFP2 emission
using a POLARstar Omega microplate reader (BMG Labtech). As a
control, wells containing cells expressing Rluc alone were included in
every experiment (background BRET2 signal, bg). The emission values
from non-transfected (nt) cells were subtracted from the emission
values of the transfected (em) cells, and BRET2 signals were calculated
as follows: BRET2 ratio = (em515 nm − nt515 nm)/(em410 nm − nt410 nm).
Experiments were repeated at least three times with six wells per

METHODS

Cloning and Production of Recombinant MAPK Proteins.
Human JNK1α1 (pAT222_huJNK1α1, previously published as
pAT222_JNK1), human JNK2α2 (pAT222_huJNK2α2, previously
published as pAT222_JNK2) and human JNK2α1 (pAT222_huJNK2α1) fused to pD (avi_pD_JNKisoform_His6) were produced in nonphosphorylated forms in E. coli as described previously27,41 with some
modiﬁcations as described in the Supporting Information. Human
JNK1α1, human JNK2α1, rat ERK2 and mouse p38α without pD
fusion partner were produced in non-phosphorylated and phosphorylated forms as described elsewhere.40 All protein masses were
conﬁrmed by SDS-PAGE and mass spectrometry.
In Vitro Selections of JNK-Speciﬁc DARPins with Ribosome
Display. Ribosome display selections rounds were carried out on
plates as previously described25,27 with some adaptations. For details,
see the Supporting Information.
Production of Selected Binders. Selected DARPins were
subcloned into pQE30-derived vector (pQE30ss,47 containing an Nterminal MRGS(His)6-tag) and produced in E. coli as described
previously20,29 and in the Supporting Information. The unselected
DARPin E3_5 was produced from pQIss_E3_5 (kindly provided by
A. Mohr) and DARPin J1/2_2_3 (original name JNK2_2_3) from
pQE30_JNK2_2_3.27
ELISA. Crude extract ELISA and quantitative ELISA were
performed as described27,29 with some modiﬁcations that can be
found in the Supporting Information. All steps were performed at 4 °C
due to the instability of some kinases.
Size Exclusion Chromatography (SEC) of DARPins and
Multi-Angle (Static) Light Scattering (SEC-MALS) of JNKDARPin Complexes. All measurements were performed on an
Agilent LC1100 HPLC system (Agilent Technologies) combined with
a miniDAWN three-angle light-scattering detector and an Optilab rEX
diﬀerential refractometer (Wyatt Technology). Molar masses were
calculated using the ASTRA V software (Wyatt Technology). Details
can be found in the Supporting Information.
Surface Plasmon Resonance (SPR) Measurements. All
measurements were performed at 15 °C on a ProteOn system (BioRad) with immobilized pD_JNK1α1 and pD_JNK2α1 and DARPins
as analytes in solution. The procedure, all sensorgrams and ﬁts can be
found in the Supporting Information.
In Vitro Inhibition. In vitro ELISA-based kinase assays were
performed as described 39 with some adaptations. GST-c-Jun (residues
1−79) substrate48 was expressed in E. coli XL1-Blue and puriﬁed over
a glutathione aﬃnity column according to the manufacturer’s
instructions (Pharmacia Biotech).
Due to the instability of the kinases, incubation steps were
performed at 4 °C, if not mentioned otherwise, and kinase reactions at
20 °C. All assays were optimized for linearity. Non-absorbent
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experimental condition. Statistical evaluation (one-way ANOVA with
Newman Keuls post tests) was carried out with GraphPad Prism
software version 5.01 (GraphPad Software).
Inhibition Experiments in Cells. DARPin genes and Kozak
sequence including N-terminal tag were optimized for mammalian
expression. The resulting plasmids pcDNA3.1(+)Bi_DARPin#opt_EGFPdeltaMV contain a certain DARPin with a
FLAG-tag at the N-terminus and a linker followed by EGFP at the Cterminus (FLAG-DARPin-(G4S)2-EGFP). The adherent HEK 293T
cells were cultured in Dulbecco’s Modiﬁed Eagle’s Medium (DMEM)
supplemented with 10% (v/v) fetal calf serum (FCS) and penicillinstreptomycin at 37 °C in a CO2 incubator. One day before transient
transfection, 4 × 105 HEK 293T cells in 1 mL of growth medium were
added to each well of a 12-well plate (growth area 4 cm2). Cells were
transfected at 90% conﬂuency with 2 μg of DARPin plasmid DNA and
5 μL of Lipofectamine 2000 (Invitrogen) per well. Medium was
changed 5 h after transfection. Cells were incubated at 37 °C in a CO2
incubator for 24 h to allow expression followed by activation with
2 μg/mL anisomycin (Sigma) for 1 h at 37 °C (a negative control was
not treated with anisomycin). Cells were washed once with cold PBS
and then lysed in 120 μL of ProteoJET (Fermentas) containing
complete, EDTA-free protease inhibitor cocktail (Roche) and
phosphatase inhibitor cocktail PhosSTOP (Roche) for 10 min at
4 °C followed by a centrifugation step at 11,000 × g for 10 min at
4 °C. All samples were adjusted to the same concentration using a
BCA protein assay (Pierce).
To obtain only cells with very high DARPin expression level, more
cells were transfected and incubated for 24 h as described above. Then
the cells were suspended by trypsinization and sorted on a BD
FACSAria II cell sorter (BD Biosciences). Five percent of total cells
with the highest EGFP ﬂuorescence were sorted at RT, and 800,000
cells were collected in growth medium. As controls, 800,000 nontransfected cells were obtained. After sorting, cells (except the negative
control) were activated with 2 μg/mL anisomycin for 1 h at 37 °C.
Cells were washed once with PBS and lysed in 50 μL of ProteoJET
containing complete, EDTA-free protease inhibitor cocktail and
phosphatase inhibitor cocktail PhosSTOP.
For detection, cleared cell lysates were heated to 95 °C and
analyzed by Western blotting. All antibodies were diluted in TBS150T
buﬀer (50 mM Tris pH 7.4, 150 mM NaCl, 0.1% (v/v) Tween-20)
containing 2.5% (w/v) milk. Membranes were incubated overnight at
4 °C with the following antibodies: anti-phospho-SAPK/JNK
(Thr183/Tyr185) antibody (Cell Signaling, 1:1000); anti-SAPK/
JNK(56G8) antibody (Cell Signaling, 1:1000); anti-FLAG M2
antibody (Sigma, 1:10,000). The corresponding secondary antibodies
were applied for 1.5 h at RT: horse radish peroxidase (HRP)-linked
anti-rabbit IgG antibody (Cell Signaling, 1:3000); HRP-linked antimouse IgG antibody (Pierce, 1:10,000). As a loading control, actin was
detected directly with HRP-linked anti-beta-actin antibody (Sigma,
1:10,000) for 1.5 h at RT. Lumiglo reagent and Peroxide (Cell
Signaling) were used for visualization by enhanced chemiluminescence.
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