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Scaffold proteins are key players in many signaling pathways where they ensure spatial
and temporal control of molecular interactions by simultaneous tethering of multiple
signaling components. The protein JIP1 acts as a scaffold within the c-Jun N-terminal
kinase (JNK) signaling pathway by assembling three kinases, MLK3, MKK7, and JNK,
into a macromolecular complex that enables their specific activation. The recruitment
of these kinases depends on the 450-amino acid intrinsically disordered tail of JIP1,
however, the structural details of this tail and the molecular mechanisms by which it
binds kinases have remained elusive. Here, we provide an atomic resolution structural
description of the JIP1 tail, and we study its interaction with the kinase JNK1. Using
NMR spectroscopy, we show that JNK1 not only engages with the well-known dock-
ing site motif (D-motif) of JIP1, but also interacts with a noncanonical F-motif. We
determine the crystal structure of the JIP1I-JNK1 complex at 2.35 A resolution reveal-
ing a bipartite binding mode of JIP1. Our work provides insights into the sequence
determinants of F-motifs suggesting that these motifs may be more prevalent in JNK
substrates than previously recognized. More broadly, our study highlights the power of
NMR spectroscopy in uncovering kinase interaction motifs within disordered scaffold
proteins, and it paves the way for atomic-resolution interaction studies of JIP1 with its
multitude of interaction partners.
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Mammalian cells are estimated to contain hundreds of millions of individual protein
molecules with as many as 10% of these involved in signal transduction (1, 2). It is there-
fore remarkable that cells can correctly, and with very high fidelity, process all the signaling
information they constantly receive. Over the past three decades, it has become increasingly
clear that cells can achieve spatial and temporal control of molecular interactions through
the use of scaffold proteins (3-6). Scaffold proteins assemble relevant components of a
given pathway, for example kinases, into higher-order complexes thereby ensuring signaling
specificity through enforced proximity or tethering (7, 8). Scaffold proteins are in general
extremely diverse, yet they are architecturally related as they are often composed of multiple
folded domains interspersed with intrinsically disordered regions (IDRs) (9). Interestingly,
some scaffold proteins display an unusual amount of intrinsic disorder (>60% of the total
sequence), posing significant challenges for structural biology due to their highly dynamic
nature (10). This is the case for the JNK-interacting protein 1 (JIP1) that acts as a scaffold
protein in the stress-activated c-Jun N-terminal kinase (JNK) pathway (11, 12). Within
this pathway, JIP1 recruits the three kinases JNK, MKK7, and the mixed-lineage kinase
3 (MLK3), thereby mediating specific and sequential activation of the bound kinases
(13-15). The recruitment of these kinases depends on the 450-amino acid N-terminal
IDR of JIP1, and complex formation has been shown to be regulated by the phosphoryl-
ation state of this disordered tail (16—18).

Currently, the only available structural information on the IDR of JIP1 is a crystal
structure of the docking site motif (D-motif) of JIP1 in complex with JNK1 (19) or JNK3
(20). D-motifs are found within the interactome of mitogen-activated protein kinases
(MAPKSs), where they mediate the recruitment of specific MAPKs (JNK, ERK, and p38)
to upstream kinases, phosphatases, substrates, and scaffold proteins (21, 22). D-motifs
are composed of three hydrophobic residues and of up to five basic residues according to
the consensus sequence: K/R; 5-X s-®; -X,_;-®,-X-Dy, where X is any amino acid type
and @ is a hydrophobic residue (23-28). This sequence binds to the D-motif recruitment
site (DRS), a conserved region on the surface of the C-lobe of the MAPKs (29, 30). The
hydrophobic submotif (composed of ®@;, ®,, and ®;) binds to a groove composed of
three hydrophobic pockets within the DRS, while the basic residues interact with the
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negatively charged common docking (CD) groove. The nature
and spacing of amino acids within the D-motif are believed to
determine specificity toward JNK, ERK, or p38 (25, 31).

In addition to D-motifs, F-motifs have also been shown to play
a role in the recognition of MAPKs through binding to the
F-motif recruitment site (FRS) located below the catalytic site
(32). F-motifs were initially discovered in the ETS (E26
Transformation Specific) family of transcription factors leading
to the definition of an F-motif consensus sequence: FXFP (where
X is any amino acid) (33-36). The presence of F-motifs in
MAPK-interacting proteins may, alongside D-motifs, provide
additional interaction specificity and functional roles, such as reg-
ulation of substrate phosphorylation (37-40). However, more
experimental studies are needed to identify these motifs and to
confirm their direct involvement in MAPK binding and signaling
regulation.

Here, we unveil how the intrinsically disordered tail of the JIP1
scaffold protein interacts with JNK1. Using NMR spectroscopy,
we present an atomic-resolution structural description of the
450-amino acid IDR of JIP1. In addition to the well-characterized
D-motif, we identify a noncanonical F-motif located 55 residues
C-terminally of the D-motif. Although the F-motif shows weak
binding affinity for JNKI, tethering of JIP1 to JNKI via the
high-affinity D-motif significantly enhances the local effective
concentration of the F-motif near the FRS, resulting in predom-
inantly bipartite binding of JIP1 to JNK1. To reveal the structural
basis for this interaction, we solve the crystal structure of the
JIP1-JNKI1 complex at 2.35 A resolution. Our work highlights
how MAPKs can exploit multiple motifs, even separated by long
disordered linkers, for binding to their interaction partners. More
generally, our work provides insights into the molecular recogni-
tion mechanisms exploited by IDRs and, at the same time, paves
the way for atomic resolution studies of the interaction of the JIP1
scaffold protein with its various partners.

Results

Atomic Resolution Description of the 450-Amino Acid Intrinsically
Disordered Tail of JIP1. The scaffold protein JIP1 contains an
N-terminal cysteine-rich IDR, an SH3 domain with a noncanonical
function (dimerization) (41, 42), and a phosphotyrosine
interaction domain (PID, Fig. 14). This domain organization is
supported by a disorder prediction by IUPRED (43) showing a
high disorder score for the N-terminal 450 amino acids of JIP1
(Fig. 1B). To obtain structural insight into the IDR of JIP1, we
studied this domain using NMR spectroscopy. We obtained the
backbone spectral assignment by a divide-and-conquer strategy
(44, 45) (SI Appendix, Fig. S1). Thus, the assignments of shorter,
overlapping constructs (JIP1,_ 45, JIP1,14 556 JIP1,45 575, and
JIP1555 555, with the subscripts indicating construct residue
boundaries) were obtained and transferred to longer constructs
(JIP1, 4 JIP1, 57, and JIP1, 45,) by comparison of their 'H-""N
HSQC spectra (Fig. 1 C-E and SI Appendix, Fig. S2 A-C). This
approach was successful and allowed assignment of the '"H-"N
HSQC spectra of JIP1, ¢4, JIP1, 575, and JIP1,_45,, however, we
observed small, nonnegligible chemical shift perturbations (CSPs)
when comparing the NMR spectra of JIP1,_,,5 and JIP1,4 566
with the corresponding longer construct, JIP1,_,, (Fig. 1C). These
CSPs were not observed when comparing JIP1, ¢ with JIP1, 5,
nor JIP1, 5., with JIP1, 4, (Fig. 1 D and E and SI Appendix,
Fig. §2 D-F). Residues 1 to 120 of JIP1 have a net negative
charge of -19 (27 negatively charged residues), while residues 121
to 200 have a high content of positively charged residues with a
net positive charge of +7 (Fig. 1F and SI Appendix, Fig. S2G).

https://doi.org/10.1073/pnas.2419915122

The residues showing the largest CSPs belong to these charged
regions of the JIP1 sequence suggesting the presence of long-range
interactions between the negatively charged N terminus and the
positively charged region around residues 121 to 200 (Fig. 1 G
and H).

The SSP (47), derived from the experimental Cotand Cp chem-
ical shifts (S Appendix, Fig. S3), reveal that the IDR of JIP1 is
globally disordered with SSP scores below 0.5 along the entire
sequence (Fig. 17). We, however, note the presence of several
regions with o-helical (residues 50 to 70, 80 to 90 and 110 to 120
and 170 to 180) and p-strand (residues 10 to 20, 120 to 140, and
245 to 300) propensities. The data therefore show that the JIP1
IDR is predominantly disordered with interspersed secondary
structure elements of modest propensity.

The Disordered Tail of JIP1 Harbors Two JNK1-Binding Motifs.
The interaction between JIP1 and JNKI1 was initially studied
by measuring "H-""N HSQC spectra of JIP1, 4 5 (the shortest
construct comprising the D-motif) with increasing amounts of
JNKI (Fig. 24). JIP1,;4 566 shows extensive intensity loss of all
resonances from residues 155 to 220 (Fig. 2 A and B), without
displaying significant chemical shift perturbations (S7 Appendix,
Fig. S4A). Surprisingly, the observed intensity loss extends well
beyond the D-motif (located at residues 157 to 167) suggesting
the presence of additional JNK1-binding features on the JIP1
scaffold. To define more precisely the JNK1-interacting regions,
we compared N R, relaxation rates (48) of JIP1,¢ ,4 in the
absence and presence of 25% (molar ratio) of JNKI (Fig. 20).
The R, relaxation rates only increase slightly for residues within
the D-motif and more significantly at a second site (residues
205 to 220) located C-terminal to the D-motif. These two sites
also show modest conformational exchange contributions to the
transverse relaxation as measured by Carr-Purcell-Meiboom-Gill
(CPMQ) relaxation dispersion experiments (Fig. 2D) (49). The
extensive intensity loss observed within the D-motif, the modest
exchange contributions to the transverse relaxation rate, and the
small increase in the R, relaxation rates suggest that residues
within the D-motif are in, or close to, the slow-exchange regime
on the NMR chemical shift time scale. The second site shows
larger increases in R, relaxation and more significant exchange
contributions upon addition of JNKI1 placing residues in this
motif in the slow-to-intermediate exchange regime. Collectively,
our data demonstrate that JNK1 binds to two separate motifs
on the JIP1;4 ,4 sequence with the intervening linker being
dynamically restricted as evidenced by the simultaneous drop in
signal intensities throughout the region encompassing residues
155 to 220.

JIP1 Contains a Noncanonical F-motif. The sequence corresponding
to the second binding site, *' ' ICLSDEL"", contains three spaced
hydrophobic residues, and we, therefore, investigated whether the
interaction at this site is hydrophobically driven. A simultaneous
mutation of both 1211 and 1.213 to alanine (hereafter named the
IL mutant), completely abolished binding of JNKI as evidenced
from the absence of line broadening within the second motif upon
addition of JNK1 (Fig. 2E). These results clearly show that binding
of JNK1 at the second site is hydrophobically driven and identify
either 1211 and/or L213 as crucial residues for the interaction.
Next, we abolished binding to the canonical D-motif through
the introduction of four single point mutations (R160E, P161A,
L164A, L166A, hereafter named the RPLL mutant) (50). JNKI-
binding to the D-motif was efficiently abrogated as shown by the
absence of intensity loss within the D-motif upon addition of
JNKI (Fig. 2F). Binding was, however, still observed to the second
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Fig. 1. Secondary structure propensities (SSP) and long-range interactions in
organization of JIP1. (B) Disorder prediction of JIP1 with the intrinsically diso

Sequence JIP1

the intrinsically disordered tail of JIP1. (A) Schematic representation of the domain
rdered tail covering 450 amino acids. (C) Superposition of a region of the "H-">N

HSQC spectra of JIP1,_45 (blue), JIP1,;6.5¢6 (red), and JIP1,_,c (green). Labels indicate the assignments of the different peaks. Small CSPs are observed between
the shorter constructs (1 to 145 and 116 to 266) and the longer construct (1 to 266). (D) Superposition of a region of the "H-">N HSQC spectra of JIP1,_,¢ (blue),

JIP1,45 37, (red), and JIP1, 55, (green). (F) Superposition of a region of the "H-"°

N HSQC spectra of JIP1,_55, (blue), JIP1355_555 (red), and JIP1,_45, (green). (F) Charge

distribution in JIP1,_,s smoothed over 15 residues with arginines and lysines counting as +1 and aspartic acids and glutamic acids counting as -1 calculated
using IDDomainSpotter (46). (G) Combined "°N and 'H CSPs when comparing the "H-">N HSQC spectra of JIP1,_,s with JIP1, 4 (blue) and of JIP1,,4 565 With

JIP1,_¢6 (red). Data for the six C-terminal residues in JIP1,_,,5 and for the seven
boundary effects on the CSPs. (H) Schematic representation of the long-range

N-terminal residues in JIP1,,4_,6c Were omitted from the plot to minimize construct
interactions within the IDR of JIP1, as determined from CSPs between different JIP1

constructs. The negatively charged N terminus makes electrostatic contacts with the positively charged region around the D-motif. (/) SSP of JIP1,_,5, calculated

from the experimental "*Ca and '*Cp chemical shifts.

site showing that it can interact with JNK1 independently of the
D-motif (Fig. 2F and SI Appendix, Fig. S4B).

Finally, we investigated whether the second site corresponds to
an F-motif thereby recognizing the conserved hydrophobic groove
of the FRS of JNKI1. We carried out a competition experiment
using the catalytic domain of the MKP7 ghosphatase, which binds
to the FRS of JNKI1 via a *FNFL* motif located in its
C-terminal helix (51). First, we determined the dissociation con-
stant, Kj, of the MKP7-JNKI1 complex by isothermal titration
calorimetry (ITC), obtaining a value of 1.1 pM, and we carried
out a control experiment showing no interaction of MKP7 with
JIP1, 466 (SI Appendix, Fig. S5 and Table S1). Next, we com-
pared intensity profiles of JIP1,,4 ¢ with 70% JNKI1 without
and with 70% MKP7 (Fig. 2G). Off-competition of JIP1, 4 566
from JNKI is observed at the second site showing that this motif

PNAS 2025 Vol.122 No.9 2419915122

binds to the FRS, while leaving the interaction with the D-motif
nearly unperturbed. We note that the intensities do not fully
recover for residues within the second site upon addition of
MKP7. This residual line broadening may arise from incomplete
off-competition or from the continued anchoring of JNK1 to the
D-motif, as supported by our experiments showing more complete
off-competition of the second motif by MKP7 in the context of
the RPLL mutant (Fig. 2H). Collectively, our results demonstrate
that the second site should be characterized as a noncanonical
F-motif, given the absence of phenylalanine residues within the
motif sequence.

The F-motif of JIP1 Folds into a Helical Structure upon Binding

to JNK1. To evaluate the contribution from the extended binding
region to the aflinity of the interaction between JNK1 and JIP1, we
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Fig. 2. Interaction between JIP1,,¢_56 and JNK1 reveals a new kinase binding site. (A) Superposition of the "H-""N HSQC spectra of JIP1,,¢_5¢ (blue) and of
JIP1416-266 With 100% (molar ratio) of JNK1 (red). Two zooms are shown with labels corresponding to the assignment of the different peaks. (B) Intensity profile
(171°) of JIP1116_5¢¢ (50 M) obtained from the NMR signal intensities in the "H-""N HSQC spectrum of the free state of JIP1,16_5¢¢ (I°) and of JIP1,,4_,¢¢ With different
molar ratios of JNK1 (/): 20% (light pink), 40% (purple), 70% (magenta), and 100% (red). (C) N Ry, relaxation rates measured at a "H frequency of 600 MHz and
5 °C of JIP1,16.266 (180 pM, gray bars) and of JIP1,,4_,¢s With 25% JNK1 (red). (D) "°N conformational exchange contributions, R,.,, extracted from CPMG relaxation
dispersion data acquired at 700 MHz and 5 °C of JIP1;16.566 (200 pM) with 25% JNK1. (E) Intensity profile of the IL mutant of JIP1;,5.56¢ (50 uM) in the presence of
100% JNK1. (F) Intensity profile of the RPLL mutant of JIP1,,4_.,6¢ (50 pM) in the presence of 100% JNK1. (G) Intensity profile of JIP1,;5_,6¢ (100 uM) in the presence
of 70% JNK1 (red) and of 70% JNK1 + 70% MKP7 (orange). (H) Intensity profile of the RPLL mutant of JIP1;,5.,6¢ (100 pM) in the presence of 70% JNK1 (red) and
with 70% JNK1 + 70% MKP7 (orange). All percentages are molar ratios with respect to the JIP1 concentration.

compared ITC titrations of JNK1 With]lPl;J]HGG and with a peptide
corresponding to the D-motif of JIP1 (*"RPKRPTTLNLE'").
The ITC experiments show that the D-motif peptide binds with
a K of 217 nM to JNK1 (Fig. 34), while JIP1,,4 ;4 shows a 2.7-
fold higher affinity (K = 81 nM, Fig. 3B). This increase in binding
affinity is accompanied by a substantial increase in the binding
enthalpy (AAH = 4.0 kcal/mol, SI Appendix, Table S1) suggesting
that additional contacts with JNK1 occur in the sequence beyond
the D-motif, in agreement with our NMR data.

To directly probe the binding contribution from the F-motif,
we performed ITC experiments on the IL mutant of JIP1 ;4 54
(Fig. 3C). JIP1;;4 54 and its IL mutant show very similar dissoci-
ation constants (K = 81 nM vs. 82 nM) and binding enthalpies
(AH = -11.6 kecal/mol vs. -10.7 kcal/mol, ST Appendix, Table S1).
The data therefore do not reveal an apparent contribution from
the F-motif to the total binding affinity of the JIP1-JNK1 com-
plex. We then carried out ITC titrations using the RPLL mutant

https://doi.org/10.1073/pnas.2419915122

of JIP1,,4 566 (Fig. 3D). These experiments reveal no apparent
interaction of JNK1 with JIP1 showing that the F-motif alone has
a weak intrinsic binding affinity. To confirm these results, we car-
ried out native mass spectrometry (MS) experiments. Accordingly,
MS assesses a 1:1 stoichiometry when using JIP1, 4 54 and its IL
mutant, while the RPLL mutant of JIP1, 4,4, shows no apparent
complex formation (S7 Appendix, Fig. S6 A-C).

To gain insight into the structure of the F-motif adopted upon
binding to the FRS, we measured N R, and CPMG relaxation
dispersion experiments on the RPLL mutant of JIP1,,¢ , in the
presence of 15% (molar ratio) of JNK1 (Fig. 3 £ and F). This
mutant allows to probe the binding contribution from the F-motif
alone without the influence of the D-motif. We analyzed the relax-
ation dispersion data simultaneously for multiple residues within
the F-motif according to a two-site exchange model (Fig. 3 G—)).
The analysis yields a bound-state population of py = 1.6 + 0.1%
and an exchange rate constant of 4, = 1,100 + 100 s

pnas.org
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Fig. 3. Determination of the binding affinity of JIP1 for JNK1. (A) ITC data for binding of JNK1 to the D-motif peptide (residues 157 to 167) of JIP1. (B) ITC data
for binding of JNK1 to JIP1,,4_56. (C) ITC data for binding of JNK1 to the IL mutant of JIP1,,4_,¢. (D) ITC data for binding of JNK1 to the RPLL mutant of JIP1,;¢_5¢6.
In A-D, representative ITC data are shown with raw injection heats (DP-differential power, Upper) and the corresponding specific binding isotherms (Lower). All
ITC measurements were carried out in duplicates at 15 °C with JNK1 in the sample cell, and the data were analyzed according to a model with n independent
binding sites. (F) "°N Ry, relaxation rates measured at a "H frequency of 600 MHz and 5 °C of the RPLL mutant of JIP1;,¢_,¢ (gray bars) and with 15% JNK1 (red).
(F) "°N conformational exchange contributions, R,,, extracted from CPMG relaxation dispersion data acquired at 600 MHz (orange) and 850 MHz (purple) at
5 °C of the RPLL mutant of JIP1;¢.¢ With 15% JNK1. (G-/) Analysis of "°N relaxation dispersion data of the RPLL mutant of JIP1,;4 266 (250 pM) with 15% JNK1
(orange-600 MHz, purple-850 MHz). The data were analyzed simultaneously for all residues within the F-motif according to a two-site exchange model (full
drawn lines). Examples are shown for different residues within the F-motif (G-L213, H-S214, /-D215, J-E216) and the determined chemical shift differences
(Aw) between their free and JNK1-bound form are reported. For comparison, the relaxation dispersion curves (600 MHz) are shown of the RPLL mutant in the

presence of 70% JNK1 and 70% MKP7 (gray).

corresponding to kinetic rate constants of £,z = 1,082 s and k,,
= 4.8 x10° M''s”" and a complex dissociation constant of K, =
2.2 mM, in agreement with the absence of a detectable ITC signal
(Fig. 3D). A control CPMG relaxation dispersion experiment,
carried out on JIP1, 4 54 in the presence of 70% JNK1 and 70%
MKP7, shows flat dispersion curves proving that the observed
exchange contributions arise from binding of the F-motif to the
FRS of JNK1 (Fig. 3 G-/, gray data). The binding of JNK1 results
in large BN chemical shift changes, Ao, within the F-motif (rang-
ing from 1.7 to 5.7 ppm) suggesting an interaction mechanism
involving folding-upon-binding (28). The residues in the F-motif
show predominantly negative Aw values (87 Appendix, Fig. S7)
(52) consistent with a-helical folding.

D-motif Tethering and Linker Interactions Result in High FRS
Occupancy. We next set out to assess whether the structural
context offered by the high-affinity D-motif compensates for the
weak intrinsic JNK1-binding affinity of the F-motif. Indeed, the

PNAS 2025 Vol.122 No.9 2419915122

D-motif tethers JIP1 to JNKI, thereby increasing the local effective
concentration (Cg) of the F-motif near the FRS (Fig. 44). In the
absence of allosteric coupling between the DRS and the FRS, as
previously determined for other MAPKSs (53, 54), the forward rate
constant for the transition from the single-tethered state of JIP1
to the double-tethered state is given by £, C.4, while the backward
rate constant is kg (Fig. 44) (55). Here, 4, and kg4 represent
the binding and dissociation rate constants of the F-motif when
D-motif tethering is absent, as determined from the CPMG
relaxation dispersion data for the RPLL mutant of JIP1, 4 ,. (Fig. 3
G-)). The use of the RPLL mutant of JIP1,4 ,¢ to quantify the
dissociation constant, K}, of the F-motif in the untethered system
offers the advantage of preserving the structural context, thereby
effectively accounting for potential interactions between the JIP1
linker and JNK1, which may be reinforced in the tethered system.

To determine the population of JIP1 in the double-tethered
state, we estimated the value of C ¢4 Using a WLC model (56) and
the C g calculator (57), we obtained a value of Cg, y; ¢ of 2.8 mM
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Fig. 4. D-motif tethering results in high occupancy of the FRS. (A) Schematic representation of the single- and double-tethered states of JIP1 upon interaction
with JNK1. Within the single-tethered state, the F-motif experiences an increased local effective concentration, C.g, in the vicinity of the FRS. The indicated rate
constants, k,, and kg, correspond to those measured for the F-motif in an untethered system (i.e., for the RPLL mutant of JIP1;;6.,¢6). (B) Calculation of C.¢ using
a worme-like chain (WLC) model as a function of linker length between the DRS and the FRS of JNK1. The length of the JIP1 linker is indicated by a dashed line.
(€) Zoom on the "H-">N HSQC spectrum of JIP1,,4_,6 (100 pM). Resonances corresponding to D- and F-motif residues are highlighted in blue and green dashed
circles, respectively. (D) Zoom on the "H-">N HSQC spectrum of JIP1,; ,e (100 uM) in the presence of JNK1 (100 uM). (E) Zoom on the 'H-'>N HSQC spectrum of
JIP1 16065 (100 pM) in the presence of INK1 (100 pM) and the RPLL mutant of JIP1,¢_5 (3.3 mM). (F) Zoom on the 'H-">N HSQC spectrum (natural abundance) of
the RPLL mutant of JIP1;15.66 (3.3 mM). (G) Intensity ratios, (/ - 0, are presented for different concentrations of the RPLL mutant: 0 mM (dark red), 1.6 mM
(red), and 3.3 mM (orange). Here, / is the intensity in the "H-">N HSQC spectra of JIP1 with JNK1 and with different concentrations of the RPLL mutant, Pis
the intensity in the spectrum with only JIP1, and I is the intensity in the spectra of the RPLL mutant alone (at natural abundance). For the dataset where
the concentration of the RPLL mutant was 0 mM, /" was set to 0. The global decrease in intensity ratios for increasing concentrations of the RPLL mutant is
attributed to viscosity effects. (H) Plot showing the population of double-tethered JIP1 as a function of the local effective concentration (C.¢) and the dissociation
constant (Ky) of the untethered F-motif. A horizontal dashed line marks the K value measured for the RPLL mutant of JIP1,,5_,6¢. Vertical dashed lines represent
Co calculated using the WLC model (2.8 mM), the lower-bound estimate of C.; obtained from the competition experiments (3.3 mM) and C. estimated from
CPMG relaxation dispersion data of JIP1;;4_,¢s With 25% (molar ratio) of JNK1 (7.8 mM).

(Fig. 4B). The highest effective concentration predicted by this
model corresponds to a linker length of 41 residues, closely match-
ing the 43-residue linker in JIP1. To experimentally assess Cg, we
recorded "H-""N HSQC spectra of "N JIP1,,4 ,¢ in the absence
and presence of JNK1 (Fig. 4 C and D). We then attempted to
displace the F-motif from JNK1 by introducing a large excess of
the RPLL mutant of JIP1,,4 ,4¢ (Fig. 4E). As these experiments
required high concentrations of the competitor, we separately
acquired natural abundance "H-""N HSQC spectra of the RPLL
mutant to account for its contribution to the observed NMR

https://doi.org/10.1073/pnas.2419915122

signal intensities (Fig. 4F) and to confirm that its conformational
state remained similar to that observed at lower concentrations
(SI Appendix, Fig. S8). The NMR signal intensities reveal minimal
F-motif off-competition, even at competitor concentrations as
high as 3.3 mM (Fig. 4G), allowing us to establish a lower bound
for the experimentally determined Cgat 3.3 mM.

To further quantify C.g we analyzed the CPMG relaxation
dispersion data of wild-type JIP1,,4 546 (200 pM) with 25%
(molar ratio) of JNKI according to a two-site exchange model
(Fig. 2D and SI Appendix, Fig. S9). The analysis yields an excited
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state population of p = 0.46 + 0.04% and an exchange rate con-
stant of k.. = 1,300 + 300 s The low population, the similarity
of the exchange rate constant to that derived from the RPLL
mutant of JIP1,,¢ ¢ (Fig. 3 G—J) and the excess of JIP1,,4 54 in
the sample, rule out a contribution from the exchange between
the single- and double-tethered states of JIP 1, ,4 to the observed
relaxation dispersion. Instead, the relaxation dispersion arises from
an exchange between free JIP1 and an FRS-bound state, where
the DRS is occupied by a single-tethered JIP1 (ST Appendix,
Fig. S9E). Using the dissociation constant of the untethered
F-motif (RPLL mutant) and the population, p, of the excited state,
we estimated the value of Cg4to be 7.8 mM (81 Appendix, Fig. S9).

The experimentally determined C is significantly higher than
the value predicted by the WLC model, suggesting that the linker
between the D- and F-motif mediates contacts with JNKI. This
hypothesis is supported by our ITC data, which show that the JNK1
binding affinity for JIP1,,4 54 is approximately threefold higher
than for a peptide containing only the D-motif (Fig. 3 A and B).
The increase in affinity arises from linker interactions rather than
F-motif binding, as demonstrated by the identical dissociation con-
stants of JIP1,,4 54 and its IL mutant (Fig. 3 Band C). Additional
support for the presence of linker interactions comes from our NMR
data. JNKI1 binding causes a near-complete loss of NMR signal
intensity in the linker between the D- and F-modif of JIP1, ¢ 5
(Fig. 2B), an increase in the BN Ry, relaxation rates in the linker of
the RPLL mutant (Fig. 3E) as well as a decrease in intensities in the
same region of the IL mutant (Fig. 2E). Although these linker inter-
actions are likely nonspecific, they contribute positively to C 4 and
play a role in stabilizing the double-tethered state of JIP1.

We calculated the population of the double-tethered state of
JIP1 based on the determined local effective concentration
(Fig. 4H). Ata C 4 of 2.8 mM, as predicted by the WLC model,
56% of JIP1 is in the double-tethered state, while 44% remains
single-tethered via the D-motif. Using the experimentally deter-
mined lower bound of 3.3 mM for Cg, the double-tethered pop-
ulation is at least 60% and using the C,40f 7.8 mM derived from
the CPMG relaxation dispersion experiments, we obtain a popu-
lation of double-tethered JIP1 of 78%. Collectively, our data
demonstrate that tethering of JIP1 to JNKI via the high-affinity
D-motif, further reinforced by linker interactions, compensates
for the weak intrinsic binding affinity of the F-motif, thereby
making the double-tethered state of JIP1 predominant.

The F-motif of JIP1 Does Not Impact JNK1 Activation.
To determine whether the F-motif is involved in JNKI
recruitment in cellulo, we transiently transfected mammalian
COS-7 cells with JNK1 and JIP1 (wild-type or IL mutant).
‘The two JIP1 variants show similar interactions with JNKI1
by coimmunoprecipitation analysis (S Appendix, Fig. S10A),
in agreement with our ITC data (Fig. 3 B and C). When
mutating the D-motif, the F-motif does not show a statistically
significant interaction with JNK1 (87 Appendix, Fig. S10A4). To
determine whether the F-motif plays a role in JNK1 activation,
we coexpressed JIP1 with components of the JNK pathway by
transiently transfecting COS-7 cells with JIP1, JNK1 and with
and without MLK3. Our data show that expression of MLK3,
in the presence of JIP1, increases JNK1 activation (S Appendix,
Fig. S10B), in agreement with previous studies (12, 14, 58). The
expression of JIP1 and JNK1 was monitored by immunoblot
analysis and JNK1 activation was detected with an antibody
specific to phosphorylation of the JNKI1 activation loop. Similar
JNKI1 phosphorylation is observed for JIP1 and its IL mutant
(ST Appendix, Fig. S10B) showing that the F-motif does not play
a significant role in JNK1 activation.

PNAS 2025 Vol.122 No.9 2419915122

Crystal Structure of the Bipartite JIP1-JNK1 Complex. To reveal
the structural basis of the interaction of JNKI1 with JIP1, we
determined the crystal structure of JNKI in complex with a
peptide of JIP1 encompassing both the D- and F-motifs and the
ATP analogue AMPPNP. To obtain diffracting crystals, the linker
between the D- and F-motifs was shortened to reduce flexibility
following an NMR-guided approach (SI Appendix, Fig. S11).
The structure was solved at 2.35 A resolution with the activation
loop being fully visible in the electron density together with the
D- and F-motif (Fig. 54 and S/ Appendix Fig. S124 and Table S2).
The activation loop is found in a “"’DFG'"-in” conformation
which can be further subcategorized as a BLAminus conformation
using the terminology of Modi and Dunbrack (59). While most
kinases found in the BLAminus conformation display structural
features consistent with an active kinase, our structure most likely
captures JNK1 in an inactive conformation as the activation loop is
unphosphorylated and does not adopt an extended conformation
necessary for phospho-acceptor substrate binding (S Appendix,
Fig. S12B). The AMPPNP is found in the active site of the kinase
where it makes multiple hydrogen bonds with JNK1 (87 Appendix,
Fig. S12C). The D-motif adopts a conformation similar to
previously solved crystal structures (19) with both electrostatic
(Fig. 5 A, Lefi) and hydrophobic (Fig. 5 B, Lef?) binding features
characteristic of canonical DRS/D-motif interactions (25).

The F-modif binds to the FRS and folds into a single helical turn
upon binding to JNKT1 consistent with the NMR relaxation dispersion
data (Fig. 3 G—)). The structure of the F-motif is mainly stabilized by
hydrophobic interactions mediated by the four residues 1211, 1213,
1217, and P218 (Fig. 5 B, Right) and by four intermolecular hydrogen
bonds: from the side chain of D215 to the side chain of T255 in
JNKI1, from the backbone of C212 to the side chain of Y230 in JNKI,
from the backbone of S214 to the backbone of 1197 in JNK1 and
from the side chain of C212 to the backbone of T183 in JNKI (Fig. 5
A, Right). None of the JIP1 hydrophobic residues reach the deep
cavities of the FRS, as compared to the aromatic residues present in
the F-motifs of the activating transcription factor 2 (ATF2, binding
to double-phosphorylated p38a) and of MKP7 (binding to JNK1)
(81 Appendix, Fig. S13), but they rather make side-contacts with the
FRS pocket. Surprisingly, the polar residue $214 of JIP1 occupies the
deep cavity of the FRS. A similar feature is observed for the complex
between PEA-15 (15 kDa phosphoprotein enriched in astrocytes)
and ERK2, where the polar side chain of R71 of PEA-15 occupies
the deep FRS pocket of ERK2 (87 Appendix, Fig. S13 ] and K). We
evaluated the impact on JNKI1 binding of three single point mutations
(I211A,L213A, and L.217A) in the F-motif of JIP1. Our results show
that L213A and 1.217A impair the interaction, while 121 1A does not
impact the binding to JNK1 (87 Appendix, Fig. S14). Nevertheless,
full abrogation of the JNK1-JIP1 F-motif interaction is achieved with
the double mutant 1211A/L.213A (Fig. 2E) suggesting that 1211 also
contributes to the interaction in the presence of L213.

To examine the evolutionary conservation of the F-motif, we
performed a multiple sequence alignment of JIP1 sequences across
vertebrates (S Appendix, Fig. S15). The F-motif is highly conserved
in Sarcopterygians (including notably mammals and birds), except
in Lissamphibians, where 1217 is replaced by a glycine. In contrast,
we observe a significant loss of conservation of hydrophobic resi-
dues in Actinopterygians (ray-finned fishes), although this loss is
less pronounced in Chondrichthyans (cartilaginous fishes).

The D- and F-motifs of JIP1 are well defined in the electron
density (Fig. 5 C and D), however, the linker connecting the
two motifs (16 residues in length in the construct used for X-ray
crystallography) is not visible suggesting that it remains flexible
and samples multiple conformations in complex with JNKI1.
It is likely that the native linker between the D- and F-motifs
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V170

Fig. 5. Crystal structure of the JIP1-JNK1 complex. (A) Crystal structure of JNK1 (beige, ribbon model) in complex with JIP1 revealing the binding mode of both
the D-motif (blue, zoom left) and the F-motif (green, zoom right). For the two zooms, intermolecular hydrogen bonds are indicated with blue dashed lines. The
linker connecting the D- and F- motifs is not visible in the electron density. (B) The same as in panel A, but with JNK1 shown in surface representation and color-
coded according to hydrophobicity (ranging from dark orange for the most hydrophobic potentials, through white, to teal for the most hydrophilic potentials).
(C) Unbiased omit electron density map (Fo-Fc) of the D-motif contoured at 2¢. (D) Unbiased omit electron density map (Fo-Fc) of the F-motif contoured at 2c.
(E) Structural model of the JNK1-JIP1 complex where the native linker between the D- and F-motifs was constructed using a random coil sampling algorithm. The
conformational ensemble illustrates the potential degree of disorder in the complex, disregarding contacts between the linker and JNK1.

(~43 residues in length) samples random coil conformations,
as observed by the secondary structure propensities of JIP1 in
isolation (Fig. 1/). Although our ITC and NMR data establish
that the linker mediates stabilizing interactions with JNKI in
the complex, these contacts are likely nonspecific leading to a
complex with a high degree of disorder, as illustrated in Fig. 5E.

The Disordered Tail of JIP1 Establishes Hydrophobic Contacts

with JNK1. To obtain a more exhaustive view of the interaction
of JNK1 with the full-length IDR of JIP1, we gradually increased
the length of our JIP1 constructs and assessed the binding of

https://doi.org/10.1073/pnas.2419915122

JNKI by NMR. Titrating increasing amounts of JNKI into
PN-labeled JIP1, ¢ reveals an additional binding region at the
N terminus of JIP1 as evidenced by pervasive line broadening
at residues 20 to 80 and significantly enhanced R, relaxation
rates of these residues compared to the free form of JIP1, ¢,
(Fig. 6 A and B). We note that the N terminus of JIP1 can
independently bind JNK1 (SI Appendix, Fig. S16 A and B),
although the binding affinity is most likely in the millimolar range
as the interaction is not readily detectable by ITC (87 Appendix,
Fig. S16C). In agreement with this, MS of JIP1,_,,5 shows a very
low abundance 1:1 complex with JNK1 (87 Appendix, Fig. S6D),
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while JIP1,_,; displays mainly a 1:1 complex and a low abundance
1:2 (JIP1:JNK1) complex (SI Appendix, Fig. SGE). Despite the
N-terminal interactions, JIP1,_,¢; shows a 2.4-fold lower binding
affinity for JNK1 compared to the shorter construct JIP1, ¢ 566
(SI Appendix, Fig. S17A). This might be explained by a decrease
in the accessibility of JNK1 to the D-motif due to the long-range
interactions between the highly negatively charged N terminus of
JIP1 and the positively charged D-motif (+3 net charge, Fig. 1H).

By extending the construct to JIP1,_s,, we identify an additional
region (residues 265 to 350) that binds to JNK1. However, the R, ,
relaxation rates for this region show only a modest increase compared

(Fig. 6 C'and D), suggesting a transient interaction with JNK1. In
agreement with this, extending JIP1 up to residue 372 does not alter
JNKI1 binding affinity and thermodynamics compared to JIP1,_,
(SI Appendix, Fig. S17B). Finally, we titrated JNKI into the
full-length IDR (JIP1, 4s). Line broadening effects are observed
throughout the JIP1 IDR, and by comparison to the shorter JIP1
constructs, we observe additional JNKI1-binding features in the
region 370 to 430 (Fig. 6F and SI Appendix, Fig. S184). Our NMR
data acquired on constructs of different lengths therefore demon-
strate that JNK1 binds with high affinity to the extended binding
region via the D- and F-motifs of JIP1, while the N- and C-terminal

to the more pronounced changes observed at the N terminus of JIP1 tails of JIP1 transiently interact with the surface of JNKI. This
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Fig. 6. JNK1 recruitment to JIP1 involves recognition of hydrophobic patches. (A) Intensity profile (//1°) of JIP1, ,¢ (50 pM) obtained from the NMR signal intensities
in the "H-">N HSQC spectrum of the free state () and with different molar ratios of JNK1 (/): 20% (light pink), 40% (purple), 70% (magenta), and 100% (red).
(B) N Ry, relaxation rates measured at a "H frequency of 600 MHz and 5 °C of JIP1,_, (gray bars) and with 30% JNK1 (red). (C) Intensity profile of JIP1, 55,
(70 pM) for different molar ratios of JNK1: 40% (purple), 70% (magenta), and 100% (red). (D) N Ry, relaxation rates measured at a H frequency of 600 MHz and
5 °C of JIP1, 55, (gray bars) and with 30% JNK1 (red). (E) Intensity profile of JIP1,_,5, (100 uM) with different molar ratios of JNK1: 50% (orange) and 100% (red).
(F) Distribution of hydrophobic residues (Leu, Val, lle, Met, Phe, Tyr, and Trp) along the sequence of JIP1,_,,. Each hydrophobic residue was counted as +1 and
smoothed over 15 residues (red). (G) Structure of the JNK1-JIP1 complex with the surface of JNK1 color-coded according to hydrophobicity ranging from dark
orange for the most hydrophobic potentials, through white, to teal for the most hydrophilic potentials. Predominant hydrophobic patches on the surface of
JNK1 are highlighted in orange circles. (H) Competition experiment for binding to JNK1 between JIP1, .5, and MKP7. The intensity profile (//°) is shown where
| corresponds to the intensities in a sample of JIP1,_,5, with 70% JNK1 and 70% MKP7, while I° corresponds to the intensities in a sample of JIP1,_,5, with 70%
JNK1. Regions of JIP1 with ///° values above the orange line are off-competed by MKP7, while regions with ///° values below the orange line are reinforced in the
presence of MKP7. The concentration of JIP1 was 80 pM. (/) Structure of the JNK1-MKP7 complex (PDB 4YR8) with JNK1 in cartoon representation and MKP7 in
surface representation colored according to its electrostatic surface potential [scale: blue (positive) through white (neutral) to red (negative)].
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binding profile is specific to JNK1, as demonstrated by the complete
absence of interaction between JIP1 and bovine serum albumin that
we used as a negative control (87 Appendix, Fig. S18B).

We analyzed the sequence composition around the regions of
JIP1,_4s, that show significant intensity loss upon JNKI1 binding.
These regions share a common feature i.e., they contain local
clusters of hydrophobic residues (Fig. 6F). The strong correlation
between the location of these clusters and the observed line broad-
ening upon interaction with JNK1 (Fig. 6 £ and F) suggests that
these clusters contact hydrophobic patches on the JNKI surface.
JNKI displays a number of hydrophobic patches, including the
DRS and the FRS, providing multiple possibilities for transient
interactions with the hydrophobic clusters in JIP1 (Fig. 6G). We
also carried out a competition experiment between JIP1, 45, and
MKP?7 for binding to JNK1 (Fig. 6 and SI Appendix, Fig. S19).
The data show that primarily the F-motif is displaced by MKP7,
while other hydrophobic clusters in JIP1 rarely interact at the FRS.
We note that upon interaction of JIP1, 4, with JNKI in the
presence of MKP7, additional line broadening is observed at the
level of the two acidic regions in the N terminus of JIP1 (Fig. 6H).
These regions most likely interact with the positively charged patch
on the surface of MKP7 within the ternary JIP1:JNK1:MKP7
complex (Fig. 67), where JNK1 has its DRS occupied by JIP1 and
its FRS occupied by MKP7.

In conclusion, our data support the following structural model
for the JIP1-JNK1 complex. The recruitment of JNKI1 to JIP1
occurs through the high-affinity D-motif and a “locking in” of
the F-motif into the FRS. The positioning of the F-motif is guided
by the linker between the D- and F-motifs ensuring a high local
effective concentration of the F-motif near the FRS. The F-motif
folds into a helical conformation occupying the hydrophobic
groove at the FRS. Within this complex, the localized hydrophobic
clusters in the N- and C-terminal regions of JIP1 interact with
one or more hydrophobic patches on the surface of JNK1. Our
results suggest that the hydrophobic clusters in the N-terminal
region mediate more persistent and higher populated contacts
with JNKI than the C-terminal clusters that engage in more tran-
sient and dynamic interactions.

Discussion

In this work, we structurally characterize the complex between
JNKI and the 450-amino acid intrinsically disordered tail of the
scaffold protein JIP1 using a combination of NMR, ITC, and X-ray
crystallography. Importantly, we identify a previously unrecognized
F-motif within JIP1 (*"'ICLSDEL*”) that binds to the FRS of
JNKI. Traditionally, F-motifs are defined as phenylalanine-rich
sequences conforming to the consensus FXFP, where X represents
any amino acid (33-36). However, studies employing positional
scanning peptide arrays have refined our understanding of F-motif
sequence preferences demonstrating that 1) ERK can accommodate
aromatic residues other than phenylalanines at its FRS, 2) p38 can
bind aliphatic amino acids at its FRS, with preferences varying
among isoforms and 3) JNK generally displays surprisingly little
sequence preferences at its FRS (60). Our work builds on these
insights by revealing that aliphatic amino acids, specifically isoleu-
cine and leucine, can bind to the FRS of JNK1 demonstrating that
aromatic residues are not strictly required for FRS binding. The
identification of this noncanonical F-motif in JIP1 paves the way
for finding F-motifs in other JNKI1 substrates through sequence
searches and suggests that the presence of F-motifs in MAPK sig-
naling may be more widespread than previously recognized.

The structural details of how known F-motifs bind to MAPKs
remain poorly understood due to the limited availability of

https://doi.org/10.1073/pnas.2419915122

high-resolution structures. To date, only three crystal structures
of MAPKs bound to partners at the FRS are available (57 Appendix,
Fig. S13) (37, 51, 61). Two of these structures involve MAPKs
complexed with the folded domains of their binding partners,
MKP7 and PEA-15. In the catalytic domain of MKP7, the
F-motif is embedded within its C-terminal helix (51), whereas
PEA-15 lacks an F-motif and instead interacts with the FRS of
ERK2 through two short helices connected by a loop (61). The
third structure, representing a complex of ATF2 and double-
phosphorylated p38a, features a linear F-motif (i.e. a motif embed-
ded within an IDR of a substrate rather than in a folded binding
partner) and is therefore comparable to our JIP1-JNK1 structure.
Our crystal structure reveals that the F-motif in JIP1 adopts an
a-helical conformation when bound to JNKI, resembling the
ATF2-p38a structure (37). In the latter, ATF2 forms an a-helix
allowing the two phenylalanines, Phe92 and Phe96, of the F-motif
("*FENEF”) to occupy the hydrophobic pocket of the FRS of p38a.
Although the limited structural data make broad generalizations
difficult, these findings suggest that helical folding may be a common
recognition mechanism for linear F-motifs binding to MAPKG.

The F-motif in JIP1 displays a weak intrinsic binding affinicy
for JNK1 (K of 2.2 mM). We show that tethering of JIP1 to
JNKI via the high-aflinity D-motif compensates for this weak
affinity, leading to a significant population (78%) of double-
tethered JIP1 within the complex. The importance of motif teth-
ering in multivalent interactions has been highlighted by several
studies, which demonstrate remarkable increases in overall binding
affinity driven by locally enhanced effective concentrations com-
pared to the binding of individual motifs (55, 62, 63). A notable
example is the disordered early region 1A (E1A), which binds to
the retinoblastoma (Rb) protein via two binding motifs. Tethering
of the two motifs results in a 4,000-fold increase in binding affinity
compared to the binding of the individual motifs (55). Although
tethering in our system does not result in an overall gain in binding
affinity, its impact is evident as it confers a predominantly bipartite
binding mode of JIP1 to JNKI.

All interaction experiments in this study were conducted using
the inactive, unphosphorylated form of JNK1. Previous findings
have demonstrated that the F-motif of ATF2 does not bind to
inactive p38a and requires double-phosphorylation of the activa-
tion loop of p38at to reach a 25 pM binding affinity (37). Similarly,
the F-motif of Elk-1 showed higher binding affinity toward active
ERK2 than its inactive form (32). It is therefore possible that
activation of JNK1 may induce conformational changes in the
F-motif binding pocket, thereby modulating its affinity for the
F-motif. To explore this hypothesis, future studies will be required
using the phosphorylated, active form of JNKI.

The bipartite DRS/FRS binding mode has been observed pre-
viously for other MAPK complexes (37, 40, 61, 64, 65); how-
ever, this is an example for the JNK family. This particular
binding mode has been proposed to have multiple functional
roles such as providing additional specificity in the recognition
of partner proteins for example by compensating for low-affinity
DRS interactions. In the case of JIP1, the D-motif binds to
JNKI1 with nano-molar affinity, and it has been shown to be
highly specific toward JNK1 compared to p38a and ERK2 (25).
It is therefore unlikely that the F-motif in JIP1 plays the role of
a “specificity regulator,” in agreement with the similar JNK1
activation loop phosphorylation in COS-7 cells upon abolishing
JNKI1 binding to the F-motif. Instead, the F-motif could provide
favorable spatial constraints for optimal phosphorylation of JIP1
by JNK1, as demonstrated previously for ERK2 phosphorylation
of the Ets-1 and Elk-1 transcription factors (39, 66) and of the
human Na'/H" exchanger 1 (38). Indeed, JNK1 phosphorylates

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2419915122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419915122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419915122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419915122#supplementary-materials

eleven serines and threonines dispersed along the entire disor-
dered tail of JIP1 and, importantly, some of these phosphoryl-
ation sites modulate JIP1 functions (16, 67, 68). Another
potential function of the F-motif could be to control access to
the FRS, by regulating for example dephosphorylation of JNK1
by the MKP7 kinase. Our competition experiments demonstrate
that MKP7 readily displaces the F-motif of JIP1 from the FRS.
However, this situation may differ in the active, double-
phosphorylated form of JNK1, where the F-motif could acquire
significantly higher affinity due to structural changes in the FRS
pocket, as observed for the F-motif of ATF2 binding to p38a
(37). Our study lays the foundation for future research to unravel

the precise regulatory role of the identified noncanonical F-motif
in JIP1.

Materials and Methods

Details of protein expression and purification procedures for all JIP1, JNK1, and
MKP7 constructs; NMR spectral assignments, titrations, and relaxation exper-
iments; samples and experimental setup for the ITC experiments to study the
JIP1-JNKT and JNK1-MKP7 interactions; crystallization conditions of the JIP1-
JNKT complex and processing of the X-ray diffraction data; calculations of local
effective concentrations using the WLC model; and the plasmids, antibodies, and
experimental protocols for the transfection assays and immunoblot analyses are
provided in S/ Appendix, Materials and Methods.

Data, Materials, and Software Availability. Protein structure data for the
JNKT-JIPT complex have been dep05|ted in the Protem Data Bank database
with the accession code 9FT9 (69). All 'H, "*C, and ™N chemical shifts have been
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