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SUMMARY

c-Jun N-terminal (JNK) family kinases have a common peptide-docking site used by upstream
activating kinases, substrates, scaffold proteins, and phosphatases, where the ensemble of bound
proteins determines signaling output. Although there are many JNK structures, little is known
about mechanisms of allosteric regulation between the catalytic and peptide-binding sites, and the
activation loop, whose phosphorylation is required for catalytic activity. Here, we compare three
structures of unliganded JNK3 bound to different peptides. These were compared as a class to
structures that differ in binding of peptide, small molecule ligand, or conformation of the kinase
activation loop. Peptide binding induced an inhibitory interlobe conformer that was reversed by
alterations in the activation loop. Structure class analysis revealed the subtle structural
mechanisms for allosteric signaling between the peptide-binding site and activation loop.
Biochemical data from isothermal calorimetry, fluorescence energy transfer, and enzyme
inhibition demonstrated affinity differences among the three peptides that were consistent with
structural observations.

INTRODUCTION

The c-Jun N-terminal kinases (JNKSs) are members of the mitogen-activated protein kinases
(MAPKS), acting as primary mediators of the stress response to regulate insulin signaling,
cell fate, DNA repair, and T cell differentiation (Karin and Gallagher, 2005; Weston and
Davis, 2007). Differences in the timing and duration of JNK activation can determine
whether cells proliferate or undergo programmed cell death (Lin, 2006), highlighting the
critical importance of tight regulation of this pathway. The MAPKSs, including mammalian
JNK, ERK, and p38 families, function as part of a three component signaling module, with
the MAPK being activated upon phosphorylation by a MAPK kinase (MKK), which is in
turn activated by a MAPK kinase kinase (MAP3K) (Raman et al., 2007). These modules
allow for a diverse yet highly tunable set of signaling circuits (Good et al., 2011).
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The MAPKSs are activated via dual phosphorylation of a TPY motif found in the activation
loop (A-loop), which connects the two lobes common to the kinase domain (Zhang et al.,
1994) (Figure 1A). The ATP binding site lies between the lobes, bracketed by the A-loop
and a peptide-docking site, which are on opposing sides of the interlobe interface. MKKs
that phosphorylate the A-loop, along with phosphatases, substrates, inhibitors, and scaffold
proteins, share the docking site via a common docking motif (D-motif) (Weston and Davis,
2007). Thus JNK activity derives from the ensemble of interacting proteins that compete for
docking at this site.

The structural features that determine JNK specificity preferences for different D-motifs are
currently not known. The motif contains basic residues, a short linker, and a more C-
terminal ®-x-® hydrophobic motif, with the specific sequence determining specificity for
the different MAPK signaling modules (Bardwell et al., 2009). Here, we compare the
structures of JNK3 bound to the higher affinity D-motif from JIP1 with lower affinity motifs
from ATF2 and SAB. ATF2 is a JNK substrate in the AP1 family of transcription factors
that can heterodimerize with another JNK target, c-Jun, to modulate survival signals
(Salameh et al., 2010). JIP1 is a cytoplasmic scaffold protein that interacts with the upstream
activating kinases for JNK, and is required for activity in a number of different contexts,
including regulation of obesity-induced insulin resistance (Jaeschke et al., 2004; Morel et
al., 2010; Weston and Davis, 2007; Whitmarsh et al., 2001). SAB is a more recently
identified scaffold protein localized to the mitochondria, accounting for INK-mediated ROS
generation (Chambers and LoGrasso, 2011), and acetaminophen-induced liver injury (Win
etal., 2011), and is also a JNK substrate. Thus interaction with these three types of D-motif
will drive JNK to different cellular locations, directly affecting JINK signaling specificity.

Allostery among the catalytic site, A-loop, and peptide-docking site of ERK and p38
MAPKSs has been well documented (Chang et al., 2002; Goldsmith, 2011; Lee et al., 2004;
Wang et al., 1997; Zhang et al., 1994; Zhou et al., 2006a, 2006b), but much less is known
about these processes for INK. The structure of JINK1 bound to a peptide from JIP1 protein
showed that the peptide induced a rotation of the two lobes that distorted the active site,
which was proposed as a mechanism for JIP1-mediated inhibition of JNK signaling (Heo et
al., 2004). However, it is now clear from more physiologically relevant studies that JIP1 is
required for activation of INK (Jaeschke et al., 2004; Morel et al., 2010; Whitmarsh et al.,
2001), and is only inhibitory when overexpressed. Thus the function of the peptide-induced
conformation is not clear.

In this work we use an approach that we call structure class analysis, which postulates that
examining groups of structures reveals subtle differences that are not apparent in an
individual structure. It allows for statistical analysis of structural differences, and overcomes
the difficulty in interpreting the role of crystal packing by comparing different space groups
(Schulze-Gahmen et al., 1993). We previously used this approach to discern differences
between the two estrogen receptor subtypes, to identify structural mechanisms for partial
agonist activity, and to define a role for ligand dynamics in controlling allosteric signaling
(Bruning et al., 2010; Nettles et al., 2004, 2008). There are more than 40 JNK structures in
the Protein Data Bank (PDB), the vast majority of which are only minimally described as
part of medicinal chemistry campaigns. These include a number of different classes for
comparison, including those with an ordered versus disordered A-loop, with or without
bound ligands and peptides, and a set with mutation of the phosphoacceptor residues to
glutamate, which are bound to peptide and ligand. Here, we add, to our knowledge, a new
class: three structures with different bound peptides, but no small molecule ligands. Our
structure class analysis identifies allosteric interactions between the catalytic and peptide-
binding sites and the A-loop. These define two distinct autoinhibitory mechanisms in JINK
that block formation of the active catalytic site in the inactive kinase. We show that A-loop
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conformer can reverse these autoinhibitory mechanisms. We further identified a structural
mechanism for bidirectional signaling between the A-loop and peptide-binding site.
Differences between the peptide-binding modes also indicate the structural basis for
selectivity of different docking motifs.

Peptide-Induced Autoinhibition of JNK3

We solved crystal structures for INK3 bound to three different 11-mer D-motif peptides
(Table S1A available online), representing two different scaffold proteins, JIP1 (PDB
number 4H39) (2.0 A) and SAB (PDB number 4H3B) (2.1 A), and a substrate target, ATF2
(PDB number 4H36) (3.0 A) (Table 1). These structures were obtained without any small
molecule ligands, and in three different space groups (Table S1). When these three peptide
structures were superimposed, they showed that the A-loop coiled into a helix, docked into
the ATP binding site (Figure 1A), and did not participate in crystal packing. An overlay of
the INK3/SAB peptide structure with the structure of JINK3 bound to the nonhydrolyzable
analog AMP-PNP shows that the peptide caused the A-loop helix to bind directly in the ATP
binding site, shown in blue for peptide and orange for AMP bound structures (Figure 1B).
This inhibitory conformation was associated with a substantial shift in the G-rich loop to
accommodate the docking of the helix. The inhibitory helix oriented the phosphoacceptor
Thr221 toward the peptide-docking site, while Tyr223 H-bonds to Lys191 (Figure 1B). The
formation of the A-loop into an inhibitory helix also required an interlobe rotation that is
common to peptide bound JNK, with or without ligand. Specifically, the aC helix rotated
away from the catalytic site to allow space for the inhibitory helix, because A-loop L210
would clash with a.C residues Arg107 and Glul11 (Figure 1C). This suggests a potential
mechanism to prevent catalytic activity toward a docked substrate in the absence of
phosphorylation of the A-loop.

The structure of INK with the JIP1 peptide showed that peptide binding to the carboxy-
terminal C-lobe induced a rotation of the amino-terminal N-lobe that disrupts the catalytic
site and this was suggested to be the mechanism through which overexpression of JIP1
inhibits INK activity. (Heo et al., 2004). To test if this interlobe rotation is in fact a common
feature of binding to different scaffolds and a substrate, we utilized structure class analysis
to reveal a substantial interlobe hinge motion for the peptide bound structures, regardless of
small molecule ligand. Our three structures of INK3 were superimposed with the two
published structures with peptide + inhibitors, and 24 inhibitor-bound structures (Table S1B;
Figure 2A). The analysis showed a substantial hinge motion around the peptide-binding site,
such that the MAPK insert region was shifted 6 A away from a.C and aL16 as measured by
the distance from Val294 to Thr386 (Figures 2A, 2B, and S2A). In addition to the hinge
motion, there was also a clockwise twist of the N-lobe relative to the C-lobe. An
examination of the catalytic site shows that the peptide-induced conformer significantly
shifted a.C Glu111 ~2.5 A away from N-lobe catalytic site residues, such as Asn194
(Figures 2C and 2D), which disrupted the extensive hydrogen bond network with ordered
water and Mg*2 that is required for catalysis. As discussed below, peptide binding to INK1
induced an identical interlobe hinge and rotation motion.

Our structure class analysis approach revealed a common set of structural mechanisms
through which peptide binding induces interlobe motion, regardless of inhibitor binding.
One mechanism is via the peptide pushing the L16 loop (colored blue in the peptide bound
structure, Figure 2E), which connects the peptide-binding site in the C-lobe to aL16 in the
N-lobe. Importantly, the L16 loop was fully ordered in all of the peptide bound structures,
and none of the peptide-free structures, demonstrating a class-specific structural phenotype.
There was no crystal contact for the ordered region of the L16 loop found in all the peptide
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bound structures, and it occurred in two different space groups, demonstrating that the
ordering and shift in position of the L16 loop was peptide induced. In the peptide, SAB
Arg343 (JIP Argl60, ATF2 His49) forms an electrostatic interaction with INK3 Glu367 that
induced a shift in the L16 loop (Figures 2F and S2B), mediating the shift in aL16 and
associated shift of the N-lobe (Figure 2E). Statistical analysis showed a trend for the
significance of the class differences in L16 positioning (Figure 21). These analyses confirm
that the N terminus of the D-motif controls the interlobe conformer via L16 pushing on a.16
and the adjacent a.C.

There is also a second mechanism of peptide-induced allo-steric control of interlobe
conformation. At the C-terminal end of the peptides, the hydrophobic residues that dock
against JNK induced a rotation of helix a.D to form Van der Waals (VDW) contacts (Figures
2G, 2H, and S2C), which were then transmitted via p5 to the N-lobe as a pull motion as
indicated by the red arrow. The shift in aD as measured by the distance from N158 was ~1.6
A and was highly significant (p < 0.01) (Figures 21 and S2C). Thus peptide binding to
unphosphorylated JNK induced two distinct mechanisms of autoinhibition including
interlobe hinge motion and the formation of the A-loop into an inhibitory helix.

Structural Features of Peptide Specificity

A critical feature of MAPK signaling is the use of a single docking site for upstream
activators, phosphatases, substrates, as well as scaffold proteins that direct the kinase to
specific locations and assemble other interacting proteins. This means that small changes in
stoichiometry or differences in peptide affinity can profoundly impact signaling, including
cell fate decisions. For example, reducing gene dosage of a single MAPK substrate in
Drosophila leads to decreased amounts of active MAPK, due to loss of competition and
increased binding to phosphatases (Kim et al., 2011). This highlights the importance of
understanding the structural differences between JNK interacting motifs, and how these
differences might affect allosteric control mechanisms.

We used a number of approaches to measure the affinity of the D-motif peptides. Utilizing
isothermal calorimetry (ITC), we were able to demonstrate a 21-fold affinity preference of
JNKS for JIP peptide compared to SAB peptide (Table 1). ATF2 peptide did not saturate the
ITC curves, and the thermodynamic parameters were not attained. We also used two
different methods to measure 1Csq values for the peptides. In the FRET assay (Table 2;
Figure S1A), JIP had a lower 1Csgq than the others by at least 140-fold. We also performed
kinase assays utilizing protein substrates of ATF2 and SAB (Table 3; Figure S1B). Here, the
peptides inhibited incorporation of 33P into the protein substrates better than they did when
competing against their peptide counterparts in the FRET assay for each peptide, but showed
similar higher affinity for JIP1. Lastly, we measured the K, (0.77 £ 0.09 uM) of SAB (1-
390) for INK3a.1, compared to Ky, for ATF2 = 0.16 + 0.04 .M from our previous work
(Ember et al., 2008). We conclude that JIP1 had higher affinity for JNK3 than ATF2 or
SAB.

The crystal structures showed a number of structural features that explain the higher affinity
of JIP1 compared to the other peptides (Figure S3). His49 in pepATF2 binds in the same
general site as pepJIP1 Arg160 (Figure 3A), but there are numerous differences in the
interaction that suggest this is a significant determinant of the lower affinity of pepATF2.
The 2.7 A salt bridge of pepJIP1 Arg160 with INK3 Glu367 was replaced by a more distant,
3.6 A H-bond with pepATF2 His49 (Figure 3A). pepJIP1 Arg160 also formed H-bonds with
JNK3 Tyr168, the backbone of Trp362 and a network of ordered water. There were also
VDW interactions with JNK3 Tyr171 and Asp364 that were not seen with pepATF2. The
critical importance of pepJIP1 Arg160 for high affinity binding was verified with ITC, as
mutation to His or Gln (a residue found in c-Jun, another JNK substrate) significantly
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lowered affinity (Table 1). Indeed, the c-Jun 11-mer peptide did not bind to JINK3 at all
(data not shown). In the N terminus of the ordered part of the peptides, SAB interacts
identically to JIP1 (Figure 3A).

The middle sections of the peptides bind very differently. Pro161 in pepJIP1 corresponds to
Glu50 in pepATF2, which was flipped out into the solvent, allowing the side chain of the
adjacent Met51 to dock against INK3 in place of JIP1 Pro161 (Figure 3B). In pepJIP1, the
backbone and side chains of Thr162 and Thr163 form extensive hydrogen bond networks
with INK3 Arg165 (Figure 3B). The corresponding Gly345 and Ser346 in pepSAB showed
only a subset of these H-bonds to JNK3 R165. The altered backbone positioning of ATF2
also repositions Thr52 such that there were no H-bonds with JNK3 R165 (Figure 3B). ITC
data showed that the pepSAB glycine in the middle of the sequence was an important
difference, as the Thr162Gly mutant pepJIP1 peptide showed 6-fold lower affinity (Table 1).
Similarly, mutating the pepSAB residues GSLD to TTLN (the residues found in JIP)
increased affinity 4-fold compared to SAB (SAB-JIP peptide, Table 1).

The C termini of the peptides also showed differences. The location of Phe55 in pepATF2 in
place of pepJIP1 Leul66 induced significant differences in the peptide backbones (Figure
3C), which caused differences in the docking of ATF2/JIP1 Leu53/Leul64. In pepJIP1,
Leul64 makes additional VDW contacts with INK3 a.D at Val197 and Val156 that were not
observed with pepATF2.

The SAB peptide is similar to the JIP1 sequence, but still has 21-fold lower affinity (Figure
3D). The C terminus of the peptide showed differences in how L349 was oriented toward
JNK3 compared to the corresponding residue in JIP1. This appears to be due to the adjacent
SAB P350, which differentially positioned the backbone of L349. SAB induced a similar
shift in aD as seen with ATF2, which again was transmitted to P222 in the A-loop of INK3,
stabilizing the well-ordered inhibitory helix (Figure 3E).

Differences in peptide binding were propagated to the A-loop via repositioning of the aD
helix (Figures 3C-3E). The peptide-induced shift in aD positions it for VDW interactions
with Pro222 in the A-loop. With JIP1 bound JNK3, this slight shift in Pro222 toward a.D
was associated with a partial disordering of the inactivation helix, suggesting that
differences in the docking motifs may affect the positioning or dynamics of the A-loop.

A-Loop Control of the Peptide-Binding Site

To assess whether the A-loop could change the peptide-binding site, we compared peptide
binding to active versus inactive JNKs. We prepared recombinant active INK3a 1 and
JNK1B1 by incubation with active MKK4 and MKK7 (Chambers et al., 2011b; Figuera-
Losada and LoGrasso, 2012b; Kamenecka et al., 2009, 2010; Lisnock et al., 2000). We
measured FRET with TAMRA-labeled JIP1 peptide bound to active or inactive JINKs, and
assayed inhibition by unlabeled peptides, JIP1, SAB, and ATF2 (Table 2; Figure S1A).
MKK4/MKK?7 (red) are shown as a control to indicate no binding to these proteins. Except
for SAB binding to INK3a 1 (where the binding was very weak), in all other cases the
peptides displayed lower ICsgs, suggesting tighter binding to the active JNKs. In all cases,
there was also a dramatic increase in the FRET signal with the active enzymes, which either
represents a conformational change between the FRET pairs, or an increase in the
population of INK molecules that are in a conformation that allows peptide binding. Thus
phosphorylation of the A-loop allosterically controls the peptide-binding site.

A-Loop Control of Interlobe Rotation

We used our structure class analysis of all the previously solved crystal structures of INK3
and JNK1 in the PDB to test a hypothesis about A-loop control of interlobe rotation, and to
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test if our findings with JINK3 were predictive for a similar analysis of JNK1 structures. To
begin this analysis, we reasoned that if peptide binding to inactive JNK inhibits catalysis,
which implies that phosphorylation of the A-loop must reverse the autoinhibitory allostery.
Though active JNK has not been crystallized, there are a series of JNK1 structures with
mutations of the phosphoacceptor residues to glutamate. While these mutations do not yield
constitutive activity (Zheng et al., 1999), they induce a different conformer for the A-loop,
allowing us to ask how changing the A-loop conformer impacts the catalytic and peptide-
binding sites. For INK1, there are two structures with ligand but no peptides, two peptide
bound structures, and six mutant structures with JIP1 peptide (Table S1C).

Our findings with JNK3 were predictive of the differences observed with the three types of
JNKT1 structures. The peptide-induced interlobe opening and rotation of JINK1 (Figures 4A
and 4B), and remodeled L16 and a.C to effect this change. Remarkably, mutation of the
phosphoacceptor residues to glutamate reverses the peptide-induced hinge motion, but not
the interlobe rotation (Figures 4A and 4B), explaining why these mutations are not
activating. The mutants show remarkable consistency in a.C position compared to the wild-
type structures.

To understand why the mutations block hinge, but not rotation motion, we compared the
active, phosphorylated ERK structure (Canagarajah et al., 1997) with the mutant INK1
structures. The JINK1 Thr183GIlu mutant is positioned for electrostatic interaction with
several residues in the N-terminus of aC, including Arg69 and His66 (Figure 4C). This
interaction pulls a.C but does not reverse the peptide-induced interlobe rotation. Comparison
with the active ERK structure suggests that the wild-type active conformer of INK is similar
to that of ERK. The phospho-Thr183 of ERK binds under the a.C to a highly positively
charged pocket in the N-lobe (Figure 4D). ERK phospho-Tyr185 binds in a positively
charged pocket in the C-lobe, where it appears to act as an anchor to limit flexibility of the
A-loop (Canagarajah et al., 1997). In contrast, INK1 Thr183Glu H-bonded on the other side
of aC compared to ERK phospho-Thr183, where it reversed the peptide-induced lobe
opening, but mis-positioned a.C for catalysis (Figures 4C and 4D). The conservation of the
control of aC by the activation loop was shown by the presence of sulfate ions in the JNK1
structures in the identical locations as the phosphates in the ERK structure (red arrows,
Figure 4D). These observations support the hypothesis that activation of INK3 and JNK1,
which is primarily via phosphorylation of Thr183 (Fleming et al., 2000; Lisnock et al.,
2000), stabilizes the active conformation via positioning of a.C, counteracting peptide-
induced changes.

As a further test of the idea that the A-loop enforces a specific conformation, we examined
24 structures of INK3 (Table S1B) bound to different inhibitors, of which 12 show a well-
ordered A-loop conformer. The A-loop packed up against a.C, but also docked into the
peptide-binding site of the adjacent symmetry related molecule (Figure S4A), which was
blocked in the peptide bound structure (Figure S4B), and thus likely not rendered disordered
by the peptide per se. It is not clear why only some peptide-free structures show an ordered
A-loop, as it is not due to differences in crystal packing. Here, we use this artificial
stabilization of the A-loop to ask how it impacts the catalytic and peptide-docking sites.
Visual inspection of the 24 structures suggested that the ordered A-loop reduced
conformational heterogeneity (Figure 4E). This was reflected in significant lowering (p <
0.05) of overall differences between the structures in the ordered loop set, as measured by
the root mean square deviation (RMSD) between the superimposed models. Less structural
heterogeneity was also apparent in aC of the ordered set, as measured by the RMSD of a.C
at His104 (Figure 4F), indicating that this A-loop conformation is associated with a specific
aC conformer. While the role of A-loop phosphorylation could not be directly confirmed,
structure class analysis of both INK1 and JNK3 suggests a model where A-loop
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phosphorylation reverses the peptide-induced autoinhibitory mechanisms, and locks the two
lobes into a catalytically active conformation (Figure 4G).

The mutant and wild-type JNK1 structures show a structural mechanism for how the A-loop
alters the peptide-docking site. This can be visualized by the peptide-induced shift in aD,
and the “counter-shift” induced by the altered positioning of the A-loop in the mutant
structures (Figure 5A). While this could occur via broad impact of the A-loop on the
interlobe conformation, the direct role of allosteric communication via the A-loop is more
apparent. The counter-shift in aD was caused by the differential positioning of A-loop
Tyr191, which formed a tight hydrogen bond with Glu217 in aF, which in turn maintained a
close VDW contact with 11e119 in oD (Figure 5B). Thus small changes in the positioning of
A-loop Y191 could be directly transmitted to the peptide. Importantly, Leul66 in the JIP1
peptide bound differently between the two sets of structures, due to the shift in V118 in aD
(Figure 5B). This demonstrates that subtle changes in the A-loop can allosterically alter how
the peptide binds.

We also examined the set of peptide-free INK3 structures (Table S1B). Among these
structures, those with an ordered A-loop showed less conformational heterogeneity in aD
than those with a disordered A-loop (Figure 5C), and this difference was significant (Figure
5D). Both the JNK1 and JNK3 sets showed that the A-loop affected the conformation of
aD, while the INK1 data also showed a direct impact on peptide binding. Thus aD
functions as a key allosteric sensor that links the A-loop to the peptide-binding site, and
mediates interlobe communication. Finally, this communication is bidirectional, because aD
also transmits subtle structural information from different peptides to affect A-loop
conformation.

DISCUSSION

The three-component signaling module of MAPKSs enable a wide range of signaling
behavior, including crosstalk between parallel modules, as well as targeted activation of a
single pathway (Good et al., 2011). Signaling can be switch-like, or show graded responses,
with small changes in stoichiometry altering signaling characteristics (O’Shaughnessy et al.,
2011; Takahashi and Pryciak, 2008). As the protein motif responsible for docking onto the
MAPK, the D-motif is the primary determinant of signaling outcomes, as it is found in the
N-terminus of upstream activating kinases, where it is required for binding and activation of
MAPKSs. The D-motif is also found in phosphatases, substrates, and scaffold proteins
(Raman et al., 2007). A counter-intuitive feature of D-motif binding is called retroactivity,
which is that signaling is bidirectional as sequestration of the enzyme alters the ensemble of
interacting proteins (Del Vecchio et al., 2008). This has been shown dramatically in
Drosophila, where 2-fold reduction in gene dosage of a single substrate leads to a global
reduction in activated MAPK, due to greater access of a phosphatase (Kim et al., 2011).
Thus subtle differences in D-motifs determine the ensemble of interacting proteins, and the
nature of the signal.

In this work we describe two mechanisms of autoinhibition unique to JNK family kinases.
JNK signaling needs to be tightly regulated, given its role in cell death. In fact, subtle
changes in timing and duration of JNK signaling can determine cell fate decisions (Lin,
2006), highlighting the critical importance of tight regulation. Our results suggest that
peptide-induced autoinhibition prevented spurious activity toward substrates. Peptide
binding induced a substantial interlobe opening, and a rotation as well, which moved a.C out
of the position required for catalysis (Figures 1 and 2). In the absence of bound inhibitor,
this interlobe motion further allowed the A-loop to bind in the catalytic site, forming an
inhibitory helix (Figure 1). The peptides control interlobe motion via a subtle push on L16
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(0.5-1 A), and a more substantial pull on aD (1-1.5 A) (Figures 2E-21), which are then
transmitted to the N-lobe. These conclusions are supported by the findings of Yan et al.,
who showed utilizing molecular dynamic simulations that peptide binding caused
interdomain motions in the A-loop (Yan et al., 2011). In the initial publication of JIP1-
bound JNK (Heo et al., 2004), the interlobe rotation was apparent, but not the more
substantial lobe opening, nor the mechanism of allosteric signal transduction, due to the
inherent limitations of examining a single structure. Furthermore, comparison of substrate
and scaffold protein D-motifs, solved in different space groups as done in this work,
demonstrates that this is likely a common mechanism and not an artifact of crystal packing.
To get around limitations of single structure analysis we utilized structure class analysis
which revealed the subtle allosteric mechanism through which peptide binding can control
the JNK catalytic site, as both ends of the peptide modulate N-lobe position like reins on a
horse.

We show here that JIP1 makes a number of unique interactions that explain its much higher
affinity compared to SAB and ATF2, including both unique hydrogen bond networks, and
differential interaction with aD (Figure 3). To our knowledge, these observations represent
the first understanding of how JIP1 achieves such high affinity interactions compared to
other known D-motif proteins, which can be used to direct structure based design efforts
targeting the peptide-binding site (Stebbins et al., 2008). We are currently using these
insights to develop both pure D-site substrate competitive inhibitors and bidentate
competitive inhibitors that span both the ATP pocket and the D-site. Comparison of the
different D-motif peptides also showed that they can directly control the A-loop via
positioning of a.D (Figures 3C-3E), demonstrating how small changes in D-motif sequence
can contribute to allosteric control.

Our structure class analysis suggests that the function of A-loop phosphorylation is to
stabilize the a.C helix in the conformer required for catalysis, and in doing so reverse the
peptide-induced autoinhibitory mechanisms. Though there is no structure of active JNK, the
series of phosphoacceptor mutant JNK1 structures show a closing of the peptide-induced
interlobe motion, but not a restoration of the rotation motion, explaining why these mutants
are not constitutively active (Figures 4A-4C). Furthermore, we compared a series of INK3
structures with the A-loop ordered versus disordered, showing that the A-loop enforced a
single conformer of a.C (Figures 4E and 4F). The structural similarity with the active ERK
structure reinforces the interpretation of these observations that phosphorylation limits
conformational heterogeneity between the kinase lobes (Figure 4D). This occurs largely via
stabilization of N-lobe a.C by the phosphoThr residue. Phosphorylation of Tyr adds an
additional 25% activity by binding to the C-lobe and further locking in the active interlobe
conformer. Indeed, this has been shown biochemically for JINK3 because it was suggested
that once Thr is phosphorylated, a movement occurred so that Tyr is now accessible for
phosphorylation by MKK?7 (Lisnock et al., 2000). Thus, a primary mechanism of allosteric
control in JNK family kinases is the opposing actions of peptide and A-loop phosphorylation
on the interlobe conformation, providing an exquisite control mechanism over the catalytic
site, which lies between the lobes (Figure 4G).

Activation of INK also allosterically regulates the peptide-binding site. Using a FRET assay
with recombinant JINK1 or JNK3, we showed that in most, but not all cases, activation
increased affinity for the D-motif peptides (Table 2; Figure S1A). These results are
consistent with those seen by Ngoei et al. who also observed greater affinity for pepJIP with
JNK1al (Ngoei et al., 2011). This finding is likely due to the fact that in the current study
and the Ngoei et al. study, peptide ligands were utilized whereas in Figuera-Losada and
LoGrasso full length protein substrates were used. Given that the ensemble of interacting
proteins shows different affinities for INK (Tables 1, 2, and 3; Figure S1), and different
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functions and cellular localizations, this suggests that active and inactive JNK will show
different ensembles of interacting proteins via this allosteric mechanism. Indeed it is
interesting to wonder whether A-loop-induced changes from peptide binding would also
occur at the presumed high intracellular ATP concentrations that exist. One clue to this
answer may be in the first structure solved for INK3 with AMPPNP. Here, the Gly-rich loop
folds down over the AMPPNP pushing the A-loop out of the pocket. This potentially would
likely be the case in the cellular environment as well when ATP levels are high. It will
require a ternary complex of INK-ATP-and peptide to experimentally test this hypothesis. In
addition to A-loop control of interlobe conformation, our structural analyses suggest that the
A-loop can more directly control the positioning of aD, and alter the peptide-binding site
(Figure 5). Further, this interaction was bidirectional, as we show in our structures that
differences in JIP1 versus SAB or ATF2 docking against aD influence the subtle
positioning of the A-loop (Figures 3C-3E).

In summary, several observations and conclusions can be drawn from our findings.
Importantly, to our knowledge, this is the first structural determination of peptides for INK
binding proteins other than JIP, namely SAB and ATF2. As previously mentioned, the
structures reveal why JIP binds more potently than the other peptides, and provides insights
into how this binding may regulate signaling to influence cell death and survival. Second,
the biochemical observations form both inactive and active forms of JNK support the
structural findings and again have implications on how signaling is regulated through active
and inactive kinases. Finally, we used structure class analysis to define allosteric signaling
mechanisms between peptide binding, catalytic, and phosphoacceptor sites in the INK
family of kinases.

Comparison of classes of structures enabled identification of common features across many
structures and space groups, and allowed statistical analysis and characterization of subtle
features within the noise of a single structure, as we previously used for dissecting estrogen
receptor signaling (Bruning et al., 2010; Nettles et al., 2004, 2008). It is noteworthy that
most of these structures were not described in the scientific literature other than a single
image of the inhibitor binding, as is increasingly common with the high-throughput
approaches used in structure base -design and structural genomics campaigns. Advances in
all aspects of X-ray crystallography are enabling its evolution to mature science, focusing on
data analysis rather than technique. We suggest that the application of techniques to looking
at classes of structures will enable X-ray crystallography to be used as a system biology tool.
Moreover, these studies lay the foundation for structure-based design of substrate
competitive inhibitors for INK.

EXPERIMENTAL PROCEDURES

Reagents and Protein Production

Recombinant ATF2 and SAB for kinase assays were cloned and purified as previously
described (Chambers et al., 2011a). INK1p1 production for FRET assays was as previously
described (Figuera-Losada and Lograsso, 2012a) and full length INK3a 1 was produced
similarly, using a 6xHis tag for affinity purification from BL21(DES) £. coli. In vitro
activation of INK1p1 and JNK3al for FRET assays was prepared by incubation with active
MKK4 and MKK7 (Millipore) (Figuera-Losada and Lograsso, 2012a). Peptides were
ordered from Peptidogenics.

Peptide Inhibition Assays for JNK Kinase Activity

To determine the ability of different peptides derived from the D-motifs of JIP1 (pepJIP),
ATF2 (pepATF2), or SAB (pepSAB) to inhibit INK3al (39-422) phosphorylation of
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substrates His-SAB (1-390) or FLAG-ATF2 (2-115), we followed the incorporation of 33p
from y33P-ATP into the substrates using a filtration assay (0.45 wm Immobilon-P
MultiScreen HTS plates, Millipore). Reactions were done in 25 mM HEPES pH 7.4, 10 mM
MgCly, 1 mM DTT, 20 mM B-glycerophosphate, 0.1 mM NazV Oy, and 0.5 mg/ml bovine
serum albumin buffer in the presence of 0.9-1.2 uCi y33P-ATP. Constant concentrations of
substrates were used: 15 uM ATP, 2.5 uM His-SAB or 0.1 uM FLAG-ATF2, and 2 nM
active INK3a. 1. Seven different concentrations of the peptides (0.01-1000 M) were tested
and reactions were carried out for 45 min at 30 °C. To stop reactions, 100 mM of H3PO4
was used and 50 I samples were transferred to the MultiScreen plates in quadruplicate for
filtration. After extensive washes with 10 mM HEPES pH 7.4, 100 mM NaCl, 25 mM
EDTA, filters were washed with 50% ethanol solution, completely air-dried and read in a
Top Count scintillation counter (Packard Instrument) after 100 .l of Ultima Gold XR liquid
scintillation counting cocktail (Perkin EImer) was added in each well. Data analysis and
ICsq calculations were accomplished with GraphPad Prism version 5.04. Reported 1Cgg
values represent a single experiment + standard error; however, each experiment was
repeated at least three times and similar results were observed.

Isothermal Titration Calorimetry

ITC studies were performed using a MicroCal ITCyqq by titration of each peptide into a
solution of purified INK3a1 (39-422). INK3a1 (39-422) was expressed and purified in the
same manner as JNK3a 1 (39-402) and concentrated to 30 mg/ml. The protein was then
diluted to working concentration in 50 mM HEPES, pH 7.4, 150 mM NaCl, 10 mM MgCly,
and 2 mM TCEP that had been thoroughly degassed. Each peptide was then diluted in the
same buffer as the protein. Since the peptides displayed widely varying affinities and
amount of heat given off upon binding to JINK3a.1 (39-422), the concentration of JINK3a.1
(39-422) and peptide used was optimized for each ligand to obtain a full binding curve. The
concentrations of INK3a.1 (39-422) used are given here, with the concentration of the
corresponding peptide in parentheses: pepJIP: 50 uM (500 uM); JIP_SAB: 50 M (500
pwM); SAB_JIP: 120 uM (1,200 pM); pepATF2: 150 wM (1,500 wM); pepSAB: 150 pM
(1,500 pM); T158G: 108 M (1,000 wM); R156Q: 108 uM (1,200 pM); R156H: 108 pM
(1,200 M). The titrations were performed at 25°C. Each experiment consisted of 18
injections of peptide, with each injection consisting of 2.2 I of peptide solution injected at a
rate of 1 pl/sec, with injections spaced 180 s apart. The rotation of the stirrer was set to 500
rpm. The reference power was set at 5 cal. Binding curves were fit to a single-site binding
model in the program Origin (MicroCal). The aberrant first injection of each experiment was
not included in the curve fitting.

Fluorescence Resonance Energy Transfer Assay

Substrate molecules binding to phopho-JNK (p-JNK) or unphosphorylated JNK were
measured in a Fluorescence Resonance Energy Transfer (FRET) assay. Under standard
assay conditions, 5 I of peptide (protein or compound) in buffer (10 mM HEPES/KOH (pH
7.4), 150 mM NacCl, 10 mM MgCl,, 0.005% Brij-35, 0.1% 2-mercaptoethanol, and 0.05%
BSA) was dispensed into a 384-well low volume black Greiner 784076 microtiter plate.
Final peptide concentrations ranged from 125 to 0 wM. Then, 15 pl of solution containing
N-terminal His-JNK3 39-422, Th-labeled anti-His antibody (Invitrogen), and FITC-labeled
JIP 11-mer peptide was added to the microtiter wells to give a final INK concentration of 10
nM, a final Th-labeled anti-His antibody concentration of 2 nM, and a final FITC-labeled
JIP 11-mer peptide concentration of 100 nM. Plates were read on a Perkin EImer Envision
2104 multilabel plate reader with a filter set for Th excitation at 340 + 60 nm and emission
at 492 + 8 nm and FITC emission at 520 + 8 nm. The signal is presented as an emission ratio
of 520/492. Data were analyzed in Origin to determine the ECs for each peptide by fitting
to a logistic equation.
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X-Ray Crystallography

JNK3al (39-402) was produced in £. colias previously described (Kamenecka et al.,
2009). The protein was concentrated to 8 mg/ml in 50 mM HEPES pH 7.0, 100 mM NacCl,
5% glycerol, 2 mM DTT. For crystallization trials each peptide (pepJIP, pepSAB, or
pepATF2) was diluted in DMSO and added to the protein solution to a 5:1 (pepJIP and
pepSAB) or 10:1 (pepATF) peptide:JNK molar ratio. The mixtures were incubated on ice
for at least one hour before crystal trays were set up. Crystals of the pepJIP:
JNK3a1(39-402) complex formed in the conditions previously described for the
pepJIP:JNK1 complex (Heo et al., 2004). However, complexes of INK3a 1 (39-402) with
pep-SAB and pepATF2 did not crystallize in these conditions, and so screening and
optimization of crystallization conditions was undertaken. Crystallization conditions were
identified using the Protein Complex Screen (QIAGEN) and optimized using the Additive
Screen (Hampton Research). Crystals for diffraction experiments were grown by mixing the
protein solution in ratios from 0.8:1.2 to 1.2:0.8 with 15% PEG6000, 100 mM sodium
citrate, pH 5.5, 2% tertbutanol. Crystals were grown via hanging drop over a reservoir of the
precipitant solution at 4°C. Before picking crystals the drops containing crystals were
equilibrated with a mixture of the mother liquor containing 40% ethylene glycol to a final
concentration of approximately 10% ethylene glycol in the drop. The picked crystals were
further dipped into perfluoropolyether oil (Hampton Research) before freezing to remove
surface water. X-ray diffraction data were collected at Stanford Synchrotron Radiation
Light-source (SSRL) beam line 11-1, and scaled using HKL-2000 software (HKL Research,
Charlottesville, VA). Structures of the peptide-bound JNK3 complexes were solved by
molecular replacement using the PHENIX software suite (Adams et al., 2010) and the
catalytic domain of JNK3 (PDB number 1JNK; Xie et al., 1998) without waters, bound
peptides, and inhibitors, as the starting model. After initial model building, the peptides were
docked in using Coot (Emsley and Cowtan, 2004). Subsequently, the JINK3+peptide models
were refined in PHENIX with ExCoR (Extensive combinatorial Refinement) using 256
unique refinement strategies (unpublished data). Elements of several of the best models were
combined and validated using PHENIX and MolProbity (Chen et al., 2010). All other crystal
structures were obtained from the Protein Data Bank (http://www.pdb.org) (Berman et al.,
2000). Structures were superposed globally in CCP4MG using 1JNK.pdb as a reference
model for INK3, or 3PTG.pdb for JINK1 structures. Structural figures were prepared with
CCP4MG (McNicholas et al., 2011).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Formation of the A-Loop into an Inhibitory Helix

(A) The structures of INK3 bound to ATF2, SAB, or JIP1 peptides were superimposed, and
the JIP1 peptide is shown as green. The A-loops form a helix that docks into catalytic site.
(B) The SAB-bound structure (blue) was superimposed with a liganded, peptide-free
structure (JNK1.pdb, colored coral) showing the differences in the positioning of the A-loop.
AMP-PNP is shown as a ball and stick.

(C) Same as (B) but showing how relocation of a.C is required for the A-loop conformer.
The A-loop from the peptide-free structure is not shown for clarity.
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Figure 2. Interlobe Rotation Induced by Peptide Binding

Statistical significance was measured with Student’s t test. *p < 0.0001; #p < 0.08.

(A) All published JNK3 structures (Tables S1A and S1B) were globally superimposed
against JINK1.pdb (AMP bound with no peptide) and shown as a-carbon trace, including 24
structures with different inhibitors (gray), two structures with inhibitors+ peptide (cyan), and
our three structures with peptides and no inhibitors (coral). Close-ups are also shown in
Figure S2.

(B) The distance between the indicated residues in the MAPK insert or a.L16 was measured
for each structure, showing an opening of the lobes induced by peptide binding.

(C) The structure of INK3 bound to AMP-PNP (gray, JNK1.pdb) was superimposed with
our structure of SAB-bound JNK3 (coral). Shown are select residues in the catalytic site.
(D) The distance between the indicated catalytic site residues was measured for the set of
peptide-bound versus peptide-free INK3 structures, showing significant peptide-induced
distortion of the catalytic site. Error bars represent SEM.

(E-H) The SAB/INKS3 structure (gray and cyan) was superimposed with the inhibitor bound
structure, 1PMN.pdb (gray and coral). The peptide is shown as a green cylinder, and the
inhibitor as spheres. (E) JNK3 is shown as surface, except for the indicated regions. The L16
loop (blue tube) connects the peptide with the altered position of aL16. In the peptide-free
structure, (coral), the L16 loop is partially disordered. The peptide is green. Arrows indicate
where the peptide pushes on the L16 loop, and where this is transferred to L16. (F) Detail of
how the peptide pushes L16 to accommodate a salt bridge. (G) The peptides induce a “pull”
in aD that is transmitted to B5 and the p4-B5 loop in the C-lobe. (H) Detail of the peptide-
induced shift in aD and the a.D-B5 loop.

() All the JNK3 structures were superimposed with JNK1.pdb as a reference structure. The
distance of the a-carbon from the corresponding residue in JNK1 was measured. Error bars
represent SEM.

See also Figure S2.
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Figure 3. Structural Features of Peptide Specificity

(A) Hydrogen bonding in the n terminus of the peptides. INK3 is gray and the peptides,
JIP1, SAB, and ATF2 are differently colored.

(B) Differences in binding to JNK3 in the middle of the peptides.

(C) Comparison of the ¢ terminus of JIP1 and ATF2 peptide binding. The Phe residue in
ATF2 extends further toward aD and shifts its positioning relative to the JIP1-bound
structure.

(D) Comparison of the ¢ terminus of JIP1 and SAB peptide binding. The c-terminal P350 in
SAB enforces an altered position of the peptide backbone for the adjacent L349, which is
transmitted to a shift in aD.

(E) The shift in aD induced by SAB is transmitted to the adjacent P222 in the A-loop,
similar to the ATF2 induced shift (not shown).

See also Figure S3.
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Figure4. Activation Loop Control of I nter-lobe Rotation

(A) All of the published JNK1 structures (Table S1C) were superimposed and shown as a.-
carbon trace, including wild-type (2 structures, coral), wild-type with JIP1 peptide (2
structures, cyan), and mutants of the phosphoacceptor residues in the A-loop to Glu (12
structures, blue).

(B) One JNK1 structure in each class was superimposed, showing how the A-loop mutations
partially restore the peptide-induced interlobe rotation of aC and aL16.

(C) T183E in the mutant JNK1 structure H-bonds with residues in a.C, drawing it closer to
the wild-type, peptide-free positioning.

(D) Comparison of phosphoERK1 structure (2ERK. pdb) with phosphoacceptor mutant
JNK1 (302M. pdb) structure, showing high structural homology, and suggesting that the
mutant T183E likely binds differently to a.C than phospho-T183 would.

(E) The JNK3 structures with inhibitors and no peptide were superimposed against
1INK.pdb, of which 12 show an ordered A-loop, and 12 do not. Show is how the ordered A-
loop enforces a single common conformer of aC.

(F) Backbone RMSD from 1JNK.pdb was calculated for the structures superimposed in (D).
The RMSD for a-carbon in aC His104 was also calculated. *p < 0.0001 using Student’s t
test for significance. Error bars represent SEM.

(G) Model of peptide-induced autoinhibition, and restoration of the active conformer by
phosphorylation of the active loop.

See also Figure S4.
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Figure 5. Activation Loop Control of Peptide Binding

(A) All of the INK1 structures were superimposed, as in Figure 3A. Shown is the a-carbon
trace of a.D region, and bound JIP1 peptide (green). Error bars represent SEM.

(B) Comparison of JNK1 wild-type and phosphoacceptor mutant structure. The mutations
alter the position of the A-loop, shifting Y191, which is transmitted to aD. The shift in aD
induced a shift in how the JIP1 peptide binds.

(C) The JNK3 structures with inhibitors and no peptides were superimposed and colored as
in Figure 3D. The structures with ordered A-loop show a single, common conformer of aD.
(D) The RMSD of the structures in (D) from JNK1.pdb were calculated. Shown is the data
for the a-carbon of aD M159. *p < 0.0001 using Student’s t test for significance. Error bars
represent SEM.
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Table 2
FRET ICsq for Displacement of Labeled JIP1 Peptide

Kinase pepJIP pepATF2  pepSAB

Inactive INK1p1 25%0.1 350+ 12 612 +21

Active INK 11 0.68 + 0.02 1692 386+ 10

Inactive JNK 3al 1.7+04 257 +62  834+105

Active JNK 3al 0.5+0.02 128+ 6 1,018 +75

FRET IC5( is displayed in M.

See also Figure S1.
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Table 3
ICsq Values for Peptide Inhibition INK Kinase Activity

Protein Substrate pepJIiP pepATF2  pepSAB

His-SAB (1_390) 0.21+0.02 53.4+5 6.76 £ 0.94

FLAG-ATF2 (2-115) 0.30+£0.07 136.9+41 756=x1.74

Page 22

1C50 is displayed in M. Inhibition of radioactive 33P incorporation by INK3a1 (39-422) into either His-SAB (1-390) or FLAG-ATF2 (2-115)

by pepJIP, pepATF2, or pepSAB.

See also Figure S1.
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