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ABSTRACT

Binding of the Ca®*/calmodulin(CaM)-dependent protein kinase || (CaMKII) to the NMDA-type glutamate
receptor (NMDAR) subunit GIUN2B is an important control mechanism for the regulation of synaptic strength.
CaMKII binding to GIuN2B and CaMKI! translocation to synapses isinduced by an initial Ca®*/CaM-stimulus,
which also activates the kinase. Indeed, several mechanistically different CaMKI1 inhibitors (tatCN21 and KN93)
and inactivating mutations (K42M, A302R, and T305/T306D) impair this interaction, suggesting that it requires
CaMKII enzymatic activity. However, this study shows that two general kinase inhibitors H7 and staurosporine (Sta),
which inhibit CaMKII activity by yet another mechanism, did not interfere with GIuN2B binding in vitro or within
cells. In contrast to a previous report, we found that Sta, like H7, inhibited CaMKI1 in an ATP-competitive manner.
Nucleotide binding significantly enhances CaMKI1/GIuN2B binding in vitro, but the nucleotide-competition by H7
or Stadid not prevent this effect and instead even mimicked it. H7 (700 uM) and Sta (2 uM) efficiently blocked
enzymatic activity of CaMKI1 both in vitro and within cells. However, neither H7 nor Sta prevented Ca®*-induced
translocation of CaMKII to GIuUN2B in heterologous cells or to synapses in hippocampal neurons. Thus, activity of
CaMKII (or of any other kinase inhibited by H7 or Sta) is not required for stimulation-induced GIuN2B-binding and
synaptic translocation of CaMKII, despite previous indication to the contrary. This shows that results with inhibitors
and inhibiting mutants can be caused by structural effects independent from catalytic activity, and that detailed

understanding of the mechanismsis required for their interpretation.
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INTRODUCTION

Ca™*/Camodulin (CaM)-dependent protein kinase Il (CaMKIl) and the NMDA-type glutamate receptor
(NMDAR) are important mediators of long-term potentiation (LTP) (for review see: Coultrap and Bayer, 2012a;
Sanhueza and Lisman, 2013) During an LTP stimulus, CaMKIl becomes activated, resulting in an increase of
AMPA-type glutamate receptor (AMPAR) conductance (Derkach et al., 1999; Kristensen et al., 2011) and synaptic
localization (Hayashi et al., 2000; Opazo et a., 2010). CaMKIIl has an important binding interaction with the
GIuN2B subunit of the NMDAR (Gardoni et a., 1998; Strack and Colbran, 1998; Bayer et al., 2001), which is
required for normal LTP (Barriaand Malinow, 2005; Sanhueza et al., 2011; Halt et al., 2012).

Stimulation of CaMKII by Ca®/CaM induces both kinase activation and GIuN2B binding by displacing a
regulatory domain, which blocks the substrate-binding “S-site” and the neighboring GIuN2B-binding “T-site” in the
inactive state (Bayer et a., 2001; Coultrap and Bayer, 2012a). Additionally, Ca**/CaM-binding can induce
autophosphorylation at T286, preventing reassociation of the regulatory region even after Ca®*/CaM dissociation
(Lou et a., 1986; Miller and Kennedy, 1986; Schworer et a., 1988; Thiel et al., 1988). Consequently, either
Ca**/CaM-binding or T286 phosphorylation alone are sufficient to induce GIUN2B binding (Bayer et al., 2001).
Because T286 phosphorylation and GIuUN2B binding both keep the regulatory domain partially displaced, both enable
“autonomous’ CaMKI| activity that persists after an initial Ca®* stimulus has subsided. In contrast to T286
phosphorylation (Giese et a., 1998; Buard et al., 2010), the GIuN2B-mediated autonomy is phosphatase resistant and
may be important not only for LTP induction (Bayer et al., 2001; Barria and Malinow, 2005; Halt et al., 2012) but
aso for LTP maintenance (Sanhueza et d., 2011). However, regulation of CaMKI| localization may be an even more
relevant function of CaMKII/GIuN2B binding in LTP (Colbran and Brown, 2004; Merrill et al., 2005; Coultrap and
Bayer, 2012a). Upon Ca®*/CaM stimulation, CaMK| translocates to the synapse (Shen and Meyer, 1999; Bayer et
al., 2001), a process mediated at least in part by direct GIuN2B binding (Bayer et a., 2001; Halt et al., 2012; She et
al., 2012). Once CaMKII is at the synapse, it is localized in close proximity to important substrates and to its source
of stimulation. Indeed, the CaMKII-dependent increase in AMPAR conductance in LTP requires CaMKI1/GIuN2B
binding (Halt et al., 2012). Thus, CaMKII/GIuN2B binding induces autonomous kinase activity, maintains the

presence of CaMKI|I at the synapse, and regulates LTP.
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While CaMKII/GIuN2B binding is widely accepted as the molecular mechanism underlying synaptic
CaMKII translocation, the regulation of this process still poses at least one major conundrum: while enzymatic
activity of CaMKII negatively regulates binding (by phosphorylating S1303, which lies within the CaMKII binding
site on the GIuN2B C-tail (Strack et a., 2000)), it also appears to be essential for synaptic translocation, as
previously tested manipulations that block CaMKII activity inhibit translocation (detailed below). Due to the
inhibitory effect of GIUN2B phosphorylation at S1303, CaMKII/GIuN2B binding is greater in the presence of ADP
relative to ATP in vitro (O'Leary et a., 2011). However, even ATP significantly enhances binding compared to
conditions without nucleotide, due to a direct positive regulation by nucleotides (O'Leary et al., 2011). Consistent
with this nucleotide effect, both CaMKII/GIUN2B binding in heterologous cells and CaMKII translocation to
synapses in neurons is significantly impaired by the CaMKIl K42M mutation, which prevents nucleotide binding
(Hanson et al., 1994). However, K42M also blocks enzymatic activity of CaMKII, which may provide an alternate
explanation. Indeed, synaptic CaMKII translocation is also impaired by other inactivating mutations, A302R (Shen
and Meyer, 1999) or T305/306D (O'Leary et a., 2011), and by the CaMKII inhibitors KN93 (Vest et a., 2010) or
tatCN21 (Vest et a., 2007). These effects together provide strong evidence for the requirement of CaMKI|I activity in
its trandlocation, as the manipul ations utilized various inhibitory mechanisms.

To further test the activity dependence of CaMKII/GIuN2B binding, we used ATP-competitive inhibitors.
Importantly, these inhibitors mimicked the positive regulation by nucleotides on CaMKII/GIuN2B binding. While
the inhibitors effectively blocked enzymatic activity of CaMKII, they did not block CaMKII translocation within
cells. Thus, enzymatic activity of CaMKII (or of other kinases blocked by these inhibitors) is not required for
CaMKII tranglocation, and, as discussed here, the effects of previous CaMKII inhibitors were due to structural effects
independent of enzymatic activity. These findings highlight that detailed understanding of inhibitory mechanisms is

important in the interpretation of results with both drugs and mutations.
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MATERIALSAND METHODS

Materials—CaMKIllo. and CaM were isolated and purified as described previously (Bayer et a., 2001; 2006;
O'Leary et d., 2011). Syntide-2 peptide was obtained from Genscript (Piscataway, NJ). Unless otherwise indicated,
reagents were obtained from Sigma-Aldrich (St. Louis, MO). 1-(5-isoquinolinylsulfonyl)-2-methylpiperazine (H7)
and staurosporine (Sta) were from Tocris (Bristol, UK).

Data Analysis and Statistics — All statistical tests and inhibitory mechanism calculations were performed
using GraphPad Prism software. Unless otherwise indicated, methods of post-hoc analysis were Tukey’s test for
One-Way Analysis of Variance (ANOVA) and Bonferroni’s test for Two-Way ANOVA/RMANOVA (Repeated
Measures ANOVA). Error bars indicate mean + standard error of the mean (SEM).

CaMKII In Vitro Activity Assay — Kinase activity was tested as previously described (Coultrap and Bayer,
2011). Standard reactions (1 min at 30°C) were started by adding CaMKilla (2.5 nM subunits) to a mix of 50 mM
PIPES pH 7.2, 0.1% Bovine Serum Albumin (BSA), 1 uM CaM, 1 mM CaCl,, 10 mM MgCl,, 100 uM [y-**P]ATP
(~1 Ci/mmole), and 75 uM syntide-2 substrate peptide. Kinase inhibitors H7 or Sta were added at concentrations
indicated. Reactions were stopped by spotting on P81 (Whatman) paper and phosphorylation of the substrate peptide
was measured in a scintillation counter by the Cherenkov method (Coultrap and Bayer, 2012b). To determine the Sta
inhibitory mechanism of CaMKII, concentrations of ATP were varied (4 — 256 uM) in the absence and presence of
four Sta concentrations. Data were fit by nonlinear regression to models for either competitive-, noncompetitive-,
mixed model-, or uncompetitive-inhibition; the best fit model was determined by an extra sum-of-squares F-test. The
data were aso analyzed using the Morrison K; model for tight-binding inhibitors (Morrison, 1969). For this analysis
the initial reaction velocity was plotted as a function of inhibitor (Sta) concentration for the different ATP
concentrations. In GraphPad Prism, the Morrison K; model is designed specifically for competitive inhibitors,
therefore a modified version of the Morrison K; was created in the program to model a tight binding mixed
noncompetitive inhibitor (equations shown below). The mixed noncompetitive model incorporates both the
competitive (where o = «) and noncompetitive (where a = 1) models. From this equation, the mode of inhibition was

determined as was the K; and the o value (ratio of K; for enzyme-substrate complex to the K; for enzyme alone). As
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with the previous analysis, the two models were compared by an extra sum-of-squares F-test to determine the better

fit.

Inhibitory properties were determined with the below equations (v; =reaction velocity with inhibitor,
Vp =reaction velocity without inhibitor, [E] = enzyme concentration, [I] = inhibitor concentration,
[S] = substrate concentration, Km = Michaglis-Menten constant, Ki = inhibitory constant,

K;®P = apparent inhibitory constant, & = cooperativity parameter). The cooperativity parameter, o, represents the
degree to which the binding of inhibitor changes the affinity of the enzyme for substrate. If oo = 1 then binding does
not change the affinity, therefore the mechanism is noncompetitive; if oo >> 1 then binding of inhibitor prevents
substrate binding, therefore binding is competitive; if 0 < oo < 1 then binding of inhibitor enhances substrate binding,

therefore binding is uncompetitive.

Morrison equation (Morrison, 1969):

(E]+ ] + KPP) — J([E] + [1]+ K*PP)* — 4[E][1]
2[E]

Vi =v, x| 1—

For competitive inhibitors:

[S]

For noncompetitive (and mixed) inhibitors:

CaMKII Activity Within Cells — HEK293 cells were maintained in Dulbecco’'s Modified Eagle Medium
(Invitrogen, Grand Island, NY) supplemented with Fetal Bovine Serum (Invitrogen) and penicillin/streptomycin.
Cells were transfected with green fluorescent protein (GFP)-CaMKlla and HA-GIUA1 vectors at 1:10 by the Ca?*-
phosphate method. 24-48 hours after transfection, medium was replaced with imaging solution (0.87X Hank's
Buffered Saline Solution (Invitrogen); 25 mM HEPES (Invitrogen) pH 7.4; 2 mM glucose; 2 mM CaCl,; and 1mM

MgCl,) containing H7 (700 uM), Sta (2 uM), or control, and incubated for 5 min at 37°C. Following this treatment,
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the cells were either stimulated with 10 uM ionomycin (Tocris) or mock and then incubated at room temperature for
5 min. Proteins were extracted in a homogenization buffer (50 mM PIPES pH 7.2; 1 mM EGTA; 150 mM NaCl; 1%
Triton X-100; protease inhibitor cocktail (Roche, Indianapolis, IN); 1 uM microcystin-LR (CalBiochem, San Diego,
CA); 10 mM sodium fluoride; 50 mM B-glycerophosphate; 0.1% DTT). Protein levels were assessed with Western
blot analysis as described (Vest et a., 2007) using antibodies against GIuA1 (1:2000; Millipore, Billerica, MA) and
phospho-S831 GIuA1l (1:1000; PhosphoSolutions, Aurora, CO). Using SuperSignal West Femto Substrate (Pierce,
Raockford, IL), chemiluminescence was detected using a Chemilmager system (Alpha Innotech). Immuno detection
values (IDV) were measured with AlphaEase Chemilmager software.

In Vitro Binding Assay — Binding was assessed as previously described (Bayer et a., 2001; O'Leary et al.,
2011; Coultrap and Bayer, 2012b). The cytoplasmic C-tail of GIuN2B (amino acids 1120-1482) was expressed in
bacteria as a GST-fusion protein and then purified with glutathione-sepharose, eluted with 100 mM reduced
glutathione in 200 mM Tris pH 9, and dialyzed twice into an excess volume of 50 mM Tris pH 7.6 with
300 mM NaCl. GST-GIuN2B (300 nM) was bound to anti-GST coated plates (Pierce) for 1 hour. This concentration
of GST-GIuUN2B represents an excess for the immoabilization reaction in order to saturate the binding sites and ensure
equal loading of GST-GIUN2B. After blocking with 5% BSA, purified CaMKlla (40 nM in 1X PIPES-buffered
sdline + 0.05% Tween (PST), 0.1% BSA, 1 mM CaCl,, 1 uM CaM, and 10 mM MgCl,) was added to the wells and
incubated for 15 minutes. The kinase solution contained various conditions of ATP or ADP (100 uM), H7 (700 uM),
and Sta (2 uM), as indicated. After incubation, wells were washed with 1 mM EGTA in 1X PST and bound kinase
was eluted at 95-100°C in SDS loading buffer. Bound protein levels were assessed with Western blot analysis using a
CaMKIlo selective antibody (1:4000; made in house).

HEK293 Cell Imaging — Cells were transfected by the Ca’*-phosphate method with GFP-CaMKllow and
GIuN2B (WT or S1303A) vectors at 1:10 (O'Leary et d., 2011). For live imaging, ionomycin-induced translocation
of CaMKII was monitored in imaging solution (0.87X Hank’s Buffered Saline Solution; 25 mM HEPES pH 7.4; 2
mM glucose; 2 mM CaCl,; and ImM MgCl,) containing H7 (700 uM), Sta (2 uM), or control at 32°C, collecting

images over 12 minutes (10 uM ionomycin stimulation at 2 minutes into recording). Cellsin the images were blindly
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scored as “translocated” or “not trandocated” at each minute of the capture, resulting in a “Percent Translocation”
score at each minute. For fixed imaging, cells were incubated in imaging solution for 5 minutes at 37°C and then
received stimulation (10 uM ionomycin or mock) for 5 minutes at room temperature. After this stimulation the cells
were immediately fixed and immunostained for GIUN2B (anti-GIuN2B 1:200, NeuroMab, Davis, CA; TexasRed
anti-rabbit secondary antibody 1:500, Invitrogen). Coverslips were mounted with ProLong Gold (Invitrogen)
containing DAPI stain. The resulting images were used to determine the Pearson correlation of GFP-CaMKlla
expression and GIuN2B staining. All images were collected on a Zeiss Axiovert 200M with climate control chamber
(Vest et al., 2007) using z-stacks with a step size of 0.2 um over 2.4 um and were analyzed using SlideBook5
software.

Neuron Imaging — Primary dissociated neuronal cultures were isolated from mixed gender neonatal Sprague-
Dawley rats at medium density on poly-D-lysine (0.1 mg/ml) and laminin (0.01 mg/ml; Invitrogen) coated coverslips
(Hudmon et a., 2005; O'Leary et a., 2011). Pregnant Sprague-Dawley rats were obtained from Charles River Labs
for preparation of primary neuron cultures; al animal trestments and housing were in accordance with the University
of Colorado Denver Institutional Animal Care and Use Committee. Neurons were maintained at 37°C and 5% CO; in
Neurobasal A media with B27 supplements (both Invitrogen) and glutamine. At 4-5 days in vitro (DIV) glial growth
was inhibited with FDU (70 uM 5-Fuoro-2’-deoxyuridine, 140 uM uridine). For live imaging, neurons were
transfected with GFP-CaMKIlla vector at 12 DIV using lipofectamine 2000 (Invitrogen) (Vest et a., 2010).
Transfected neurons in imaging solution (see above) containing 700 uM H7, 2 uM Sta, or control were observed at
32°C over 5 minutes with glutamate/glycine (100 uM/10 uM) stimulation at minute 1. Images were analyzed blindly
by measuring the spine to shaft ratio (mean intensity at 10 synaptic sites divided by mean intensity at 10 respective
shafts). For each neuron the spine to shaft ratio was normalized to the ratio at “-1 minutes’ where “0 minutes’
represents the time of stimulation. For fixed imaging, neurons at 12 DIV were treated with either H7 (700 uM), Sta
(0.02, 0.2, or 2 uM), or control (5 min, 37°C) and then stimul ated with glutamate/glycine at room temperature for “0”
(mock), 30, 60, or 120 seconds. Neurons were immediately fixed and immunostained for CaMKIllo (1:5000; 1:500

Alexad88 anti-mouse secondary antibody, Invitrogen) and the synaptic marker Shank (1:500, Invitrogen; 1:500
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TexasRed anti-rabbit secondary antibody). Coverdlips were mounted with ProLong Gold. Images were analyzed by
comparing between inhibitor conditions, the percent of CaMKII puncta sum intensity that was synaptically localized

relative to the sum Shank intensity at those synapses.
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RESULTS

Sa Inhibits CaMKIl by an ATP-Competitive Mechanism — In order to study the dependence of the
CaMKII/GIuN2B interaction on kinase activity, the nucleotide competitive kinase inhibitors 1-(5-
isoquinolinylsulfonyl)-2-methylpiperazine (H7) (Hidaka et al., 1984) and staurosporine (Sta) (Tamaoki et al., 1986)
were utilized. Both H7 and Sta have been previously described to inhibit CaMKII activity, with K; of 7 uM and 1C50
of 20 nM respectively (Mainow et al., 1989; Yanagihara et al., 1991). Indeed, as expected, complete inhibition of
CaMKII activity was seen here in in vitro phosphorylation assays with purified protein, using the inhibitors at 100-
fold their respective Ki/IC50 values (Fig. 1).

Notably, while Stais shown to be ATP-competitive for most kinases (Omuraet al., 1995; Prade et al., 1997),
it is described as noncompetitive with ATP for CaMKII (Yanagihara et al., 1991). However, this determination was
based on experiments likely using tight binding conditions. Tight binding conditions occur when the concentration of
enzyme is close to the IC50 of a potent inhibitor. Under such conditions, the formation of enzyme substrate complex
significantly alters the amount of free inhibitor. The MichaelisMenten model of enzyme kinetics is based on the
assumption that the free inhibitor concentration is well represented by the total concentration of inhibitor added, i.e.
binding of inhibitor to enzyme has a negligible effect on the concentration of free inhibitor (Copeland, 2000). Tight
binding conditions thus render Michaelis-Menten kinetics invalid and results from such experiments will appear to be
noncompetitive on a double-reciprocal plot regardiess of the actual underlying mechanism (Morrison, 19609;
Copeland, 2000). To determine if Staindeed inhibits CaMKII by competing with ATP, kinase activity was measured
using varying concentrations of ATP in the absence and presence of multiple concentrations of Sta. The results were
analyzed by nonlinear regression fitting to both traditional- and tight binding-models of inhibition. This analysis
found that the increasing concentrations of Sta caused an increase in the apparent K,, for ATP without effect on the
Vmax (Fig. 2A). A double-reciprocal plot of these data displayed relationships of substrate concentration to reaction
rate that had the same Y -axis (1/V) intercept and varying X-axis (L/[ATP]) intercepts, consistent with a competitive
interaction. However, this determination of a competitive mechanism was not apparent in the graphical
representation of the data, due to the high affinity of Stafor CaMKII (Fig. 2B). Nonlinear regression analysis found

that the curves fit best to a mixed model inhibition, with a much higher affinity of Stafor CaMKII not bound to ATP

12

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 20, 2013 as DOI: 10.1124/mol.113.089045
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #89045

than bound, K; = 8.8 nM and o = 15.4 (i.e. K; for CaMKII-ATP complex is 15.4-fold higher; F(1,145) = 5.36, p =
0.022). Asthe K| for Sta was on the same order as the enzyme concentration in the assay (2.5 nM), the tight binding
inhibitor model may be more appropriate for analysis of the data. Thus, we also fit the data to the Morrison equation
for tight binding inhibitors (Morrison, 1969; Copeland, 2000) (Fig. 2C). Again the data fit best to a mixed model
inhibition with K; = 8.6 nM and o = 13.9 (F(1,140) = 4.2, p < 0.05). Therefore, Sta inhibits CaMKII activity
primarily by an ATP-competitive mechanism.

H7 and Sta Mimic the Positive Regulation of CaMKII/GIuN2B Binding by Nucleotides In vitro — Maximal
CaMKII/GIuN2B binding requires the presence of a nuclectide in the ATP-binding pocket of CaMKIl (O'Leary et
a., 2011). Thus, we decided to test the effect of the ATP-competitive inhibitors H7 and Sta on CaMKII/GIuN2B
binding in vitro, using purified protein. GST-tagged GIuN2B cytoplasmic C-terminus was immobilized to anti-GST
coated plates and CaM K1 was bound in the presence of Ca®*/CaM; the amount of bound CaMK I was then measured
by Western blot analysis. Because H7 and Sta are competitive with nucleotides, we determined their effect on
CaMKI1/GIuN2B binding both in the presence and the absence of two different nucleotides, ADP or ATP (Fig. 3). A
one-way ANOVA reveded a significant effect of inhibitor/nucleotide condition on CaMKII/GIuN2B binding
(F(8,63) = 10.59, p < 0.001). Post-hoc Newman-Keul’s analysis showed that all inhibitors, nucleotides, and their
combinations significantly enhanced binding above the control condition (Fig. 3; p < 0.01 for all conditions).
CaMKII/GIuN2B binding was stronger in the presence of ADP compared to ATP, as described previously (O'Leary
et al., 2011), but only in the absence of the inhibitors. This is consistent with prevention of the negative-regulatory
phosphorylation of GIuN2B at S1303 by CaMKII in the presence of the inhibitors. Most importantly, the inhibitors
directly enhance CaMKII/GIuN2B binding to the same extent as nucleotides, and addition of nucleotide had no
further effects. These results demonstrate that H7 and Sta do not inhibit but rather mimic the nucleotide-enhancement
of CaMKII/GIuN2B binding. Thus, while maxima CaMKII/GIuN2B binding requires occupation of the ATP
binding pocket, this effect can be elicited by either nucleotide or by competitive inhibitors that bind to the same site.
Notably, the demonstration that ATP-competitive inhibitors do not directly interfere with CaMKI11/GIuN2B binding
in vitro makes them useful tools to assess dependence of the CaMKII/GIUN2B interaction on enzymatic kinase

activity within cells.

13

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 20, 2013 as DOI: 10.1124/mol.113.089045
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #89045

H7 and Sta Efficiently Inhibit CaMKII Activity within Cells — After showing efficient inhibition of CaMKI|
activity by H7 and Sta in vitro (Fig. 1, 2), their effect on CaMKII activity was also assessed within cells. These
experiments were performed in HEK293 cells transfected with both CaMKII and its substrate protein GluAl. Cells
were incubated with inhibitor and then stimulated with the Ca?*-ionophore ionomycin. To assess inhibition of
CaMKIl, the cells were harvested in the presence of phosphatase inhibitors and the extracts were analyzed by
Western blot using an antibody against the CaMKII phaosphorylation site on GluAl, S831 (Fig. 4). A one-way
ANOVA determined a significant concentration dependent reduction of S831 phosphorylation by both H7 (Fig.
4A.B; F(4,15) = 4.79, p < 0.02) and Sta (Fig. 4C,D; F(5,11) = 8.08, p < 0.003). Post-hoc analysis showed that
phosphorylation was significantly increased by ionomycin stimulation (p < 0.05) and that the stimulation-induced
increase was significantly attenuated by 700 uM H7 (p < 0.05) or 200 nM Sta (p < 0.05). Importantly, at these
concentrations, S831 phosphorylation was not different from the non-stimulated control, indicating that that both H7
and Sta completely blocked CaMKII activity when administered at 100-fold 1C50. Thus, H7 and Sta effectively
inhibit CaMKI1 activity, both in vitro and within cells.

CaMKIl Binding to GIuN2B within Cells is not Inhibited by H7 or Sa — Stimulation-induced
CaMKII/GIuN2B binding within cells can be assessed by ionomycin-stimulated CaMKII translocation in
heterologous cells transfected to co-express CaMKIl and GIUN2B (Strack et al., 2000; O'Leary et al., 2011). This
process can be visually observed in real time by using fluorescently-tagged CaMKI| (Bayer et al., 2001). In order to
test the effect of H7 and Sta on translocation, HEK 293 cells were cotransfected with GFP-CaM K1 and GIuN2B and
translocation was induced by ionomycin stimulation (Fig. 5). The time courses in Figure 5A-B show that GFP-
CaMKII successfully translocated in the presence of either 700 uM H7 or 2 uM Sta. Translocation was quantified by
determining the percent of cells that displayed translocation at each time point. The data were analyzed with a two-
way Repeated Measures ANOV A, which indicated that the degree of translocation depended both on the duration of
stimulation (F(10,280) = 124.60, p < 0.001) and inhibitor type (F(2,280) = 4.13, p < 0.05), in addition the interaction
between those two factors (F(20,280) = 1.69, p < 0.05). Specifically, the percent of cells showing translocation of
CaMKII was greater under Sta treatment than under control conditions at both 1 and 2 minutes into the stimulation

(p < 0.01). There was no reduction by H7 or Sta compared to control at any time points. Thus, H7 and Sta do not
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inhibit translocation of CaMKII to GIuUN2B in the heterologous expression system used here, despite blocking the
enzymatic activity of CaMKII.

Next CaMKII translocation was assessed in cells by immunostaining after fixation. While this technique does
not afford the temporal resolution of live imaging, it allows for a more direct colocalization analysis of CaMKII and
GIuN2B after immunostaining. Transfected cells were treated with inhibitor and then stimulated with ionomycin,
followed by fixation and immunostaining of GIUN2B (Fig. 5C). Colocalization of GFP-CaMKIl and GIuN2B from
the resulting images was determined (Fig. 5D), and data were analyzed by a oneeway ANOVA comparing across
treatments; a significant effect of treatment was found (F(5, 351) = 77.79, p < 0.0001). As expected, a post-hoc
anaysis found that ionomycin stimulation significantly enhanced colocalization of CaMKIl and GIUN2B as
compared to the non-stimulated control (p < 0.05). The stimulation also enhanced colocalization in cells pretreated
with H7 (p < 0.001) or Sta (p < 0.001) as compared to their respective non-stimulated controls, indicating
translocation under all pretreatment conditions (Fig. 5D). Interestingly, stimulation-induced colocalization was even
greater in cells pretreated with either H7 (p < 0.001) or Sta (p < 0.001) compared to the stimulated control. Therefore,
these inhibitors not only alow translocation but also appear to enhance it. This enhancing effect is likely due to a
decrease in GIUN2B phosphorylation by CaMKI|, as described in the next section.

Inhibition of GIUN2B S1303 Phosphorylation Does Not Mask Any Positive-Regulatory Effects of CaMKI|
Activity on GIuN2B Binding - In addition to having a binding interaction with GluN2B, CaMKII aso has an
enzymatic interaction with it. Specificaly, CaMKII phosphorylates GIuN2B S1303, which significantly reduces the
binding interaction (Strack et a., 2000; OlLeary et a., 2011). Thus, the increase in stimulation-induced
CaMKII/GIuN2B colocdization by H7 and Sta (see Fig. 5D) may be explained by a decrease in this negative-
regulatory phosphorylation. However, inhibition of this negative-regulatory effect could also mask another, positive-
regulatory effect of enzymatic activity. In order to eliminate potentially confounding effects of the S1303
phosphorylation state on other effects of CaMKII activity on transocation, colocalization of CaMKII with GIuN2B
was additionally tested for a non-phosphorylatable GIuN2B S1303A mutant (Fig. 5E). A two-way ANOVA found a
significant interaction between GlIuN2B mutation status and treatment (F(2, 157) = 4.09, p < 0.001).

CaMKII/GIuN2B colocalization after stimulation was greater for the S1303A mutant compared to wild type (p <
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0.01), but in contrast to the findings with GIuUN2B wild type, H7 or Sta pretreatment did not further increase this
colocalization with the S1303A mutant. Taken together, these results show that inhibiting activity does not prevent
the binding of CaMKII to GIuN2B within cells. If any, the inhibitors may even enhance the interaction by mimicking
the nucleotide effect on binding while also preventing the negative-regulatory S1303 phosphorylation.

H7 and Sa Do Not Prevent Glutamate-Induced CaMKIIl Translocation to Synaptic Sites in Neurons —
Trandocation of CaMKII to synaptic sites within neurons is triggered by the excitatory neurotransmitter glutamate
and is thought to be mediated through the stimulation-induced CaMKII interaction with GIuUN2B (Strack and
Colbran, 1998; Bayer et a., 2001; She et al., 2012). Thus, the enzymatic activity dependence of translocation was
also tested in neurons, the endogenous environment of the proteins. Primary hippocampal cultures were transfected
with GFP-CaMKII at 12 DIV and, after 24 hours of expression, live images were captured during induction of a
Ca™*-stimulus with glutamate/glycine (100 uM/10 uM, in the presence of 1 mM Mg®). Under these conditions, co-
stimulation of AMPARSs helps to aleviate the Mg*" block of NMDARS in order to trigger a sufficiently strong
NMDAR mediated Ca**-stimulus (Bayer et a., 2006; Marsden et al., 2010). CaMKII is known to translocate to
synaptic sites under this stimulation protocol (Shen and Meyer, 1999), a process that is dependent on GIUN2B (She et
a., 2012). The movement of CaMKII to dendritic spines (Fig. 6A) can be quantified by an increase in the spine-to-
shaft ratio of GFP-CaMKII signal intensity (Fig. 6B). A two way ANOVA comparing the spine-to-shaft ratio
between two time points (before and after stimulation) and between treatment groups found an effect of time
(F(1,58) = 41.81, p < 0.001) but no significant interactions, indicating that translocation was induced by stimulation
irrespective of inhibitor treatment. Post hoc analysis further confirmed that the spine-to-shaft ratio increased equally
after stimulation both under control conditions (p < 0.001) and in the presence of H7 (p < 0.05), or Sta (p < 0.01).
Thus in neurons, as in heterologous expression systems, H7 and Sta do not prevent CaMKII translocation despite
inhibiting enzymatic activity.

Translocation of endogenous CaMKII was also assessed by fixing and immunostaining neurons at different
time points after glutamate/glycine stimulation. The neurons were pretreated with control, H7, or Sta. Surprisingly,
Sta pretreatment interfered with the fixation and/or immunostaining process. Cells fixed after Sta pretreatment

stained significantly dimmer than cells that had been treated with H7 or control (Supplemental Figure 1). This

16

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 20, 2013 as DOI: 10.1124/mol.113.089045
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #89045

phenomenon held true for both stimulated and non-stimulated cells, and over a range of Sta concentrations (0.02 to
2.0 uM). To determine if this reduction in CaMKII signal intensity was due to a Sta-induced degradation of CaMKIlI,
GFP-CaMKII transfected neurons were imaged live over 10 minutes in the presence of control, H7, or Sta. Neurons
in al conditions had only a small reduction in signal intensity over 10 minutes (15 + 3%) and no differences existed
between the groups (Supplemental Figure 1). Because the Sta effect on fixation did not appear to occur in HEK293
cells, it seems that it uniquely interferes with the fixation/immunostaining process in neurons. However, neurons
were successfully fixed and immunostained after control or H7 pretreatment, as shown in Figure 6C. A two-way
ANOV A comparing synaptic CaMKII enrichment over time between those two treatment groups found a main effect
of time (F(3,285) = 8.11, p < 0.001) and a significant interaction between time and treatment (F(3,285) = 3.52, p <
0.05). Post hoc analysis found that H7 treatment caused significantly greater synaptic enrichment than control after 2
minutes of stimulation (p < 0.01), but no other differences existed between the two groups (Fig. 6D). Taken together,
our data demonstrate that enzymatic activity of CaMKII is not required for its interaction with GIUN2B or for its

trangl ocation to synapses.
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DISCUSSION

Binding of CaMKII to GIuN2B is essential for normal LTP induction (Barria and Malinow, 2005; Halt et al.,
2012) and may also mediate LTP maintenance (Sanhueza et al., 2011). Previously, a requirement for CaMKII
activity in CaMKI1/GIuN2B binding and in CaMKII synaptic translocation was indicated by various pharmacol ogical
or genetic manipulations that inhibit CaMKIIl (Shen and Meyer, 1999; Vest et a., 2007; O'Leary et a., 2011).
However, the current study demonstrates that kinase activity is not required for CaMKI1/GIuN2B binding: the ATP-
competitive inhibitors H7 and Sta efficiently inhibited CaMKII, but permitted both CaMKI1/GIuN2B binding in vitro
and stimulation-induced CaMKI1 translocation in heterologous cells and neurons. As discussed below, the previous
manipulations inhibited CaMKII activity by severa mechanisms, but in all cases exerted their inhibition of
CaMKII/GIuN2B binding by structural effects that are independent of catalytic activity. Thus, apparently obvious
conclusions from results with enzyme inhibition can be misleading, and structural effects of the underlying inhibitory
mechanisms need to be taken into account.

While H7 and Sta compete with nucleotides, they were found to mimic, rather than inhibit, the nucleotide
mediated enhancement of CaMKII/GIUN2B binding. This effect was not entirely surprising as crystal structures of
H7 and Sta bound to PKA demonstrate that they induce similar conformational changes in PKA as nucleotides do
(Engh et al., 1996; Prade et al., 1997). Importantly, this effect alows H7 and Sta to inhibit activity without
interfering with known mechanisms regulating CaMKI1/GIuN2B binding. By contrast, previous manipulations used
to inhibit CaMKII activity disrupted CaMKII/GIuN2B binding by interfering with one of three distinct regulatory
mechanisms. The K42M mutant inhibits CaMKII by preventing nucleotide binding, but, unlike H7 and Sta, it
prevents rather than mimics the positive-regulatory nucleotide effect (O'Leary et a., 2011). The A302R and
T305/306D mutants (Rich and Schulman, 1998; Shen and Meyer, 1999), as well as the inhibitor KN93 (Sumi et al.,
1991) block CaMKII stimulation by preventing Ca?*/CaM binding, which is required not only to induce catalytic
activity, but also to induce binding to GIUN2B (Bayer et al., 2001). Finaly, the inhibitor tatCN21 directly binds to
the CaMKII T-site (Vest et a., 2007), which is also the GIuN2B binding site (Bayer et al., 2001). Thus, the structural
interaction between CaMKII and GIUN2B requires coenzyme-induced conformationa changes in the ATP-binding

pocket, dissociation of the CaMKII regulatory domain, and access to the T-site, all of which were maintained by H7
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and Sta but not other inhibitory manipulations. For assessing activity-dependence of other protein-protein
interactions of CaMKII (or other enzymes), similar structural considerations should be taken into account. Thus, it is
essential to analyze the biochemical effects of inhibitors and mutations when using them to assess the function of
enzymatic activity.

Careful examination of inhibitory mechanisms is especialy vita in the study of CaMKII. Because of the
regulatory conditions affecting the three activity states of CaMKIl — inactive, stimulated, and autonomous —
determining an appropriate inhibitor/mutation is not trivial. For example, a structural role of CaMKII/GIuN2B has
been suggested in LTP maintenance (Sanhueza et al., 2011; Gouet et al., 2012). All CaMKII inhibitors block LTP
induction, but most do not alter maintenance (Malinow et al., 1989; Otmakhov et al., 1997; Chen et al., 2001; Buard
et a., 2010). However, most CaMKII inhibitors interfere with the formation of CaMKII/GIuN2B complexes but do
not disrupt these complexes after they form. An exception is tatCN21; at high concentrations, it disrupts both
CaMKII/NMDAR-complexes and LTP maintenance (Sanhueza et a., 2011), however lower concentrations that are
sufficient to inhibit CaMKII but not disrupt CaMKII/NMDAR complexes block only LTP induction (Buard €t al.,
2010). This appears to indicate that L TP maintenance requires only the structural aspect of CaMKI1/GIuN2B binding,
and not enzymatic activity. However, as tatCN21 is competitive with GIUN2B binding, tatCN21 should not inhibit
GIuN2B-bound CaMKII unless it also disrupts the interaction. Thus, it is unclear if LTP maintenance requires
enzymatic activity of GIuN2B-bound CaMKII. Both H7 and Sta should inhibit activity of GIUN2B-bound CaMKI|I
without interfering with the binding, and both are described to inhibit LTP induction and maintenance (Malinow et
a., 1989; Coalley et a., 1990; Matthies et a., 1991; Hanse and Gustafsson, 1994), athough results on the Sta effect
on maintenance have been conflicting (Denny et a., 1990; Ling et al., 2002; Pastalkova et al., 2006). However, as
H7 and Stainhibit multiple kinases involved in LTP, these findings do not provide evidence for arole of the activity
of GIuN2B-bound CaMKII in LTP maintenance.

While H7 and Sta are not selective for CaMKII, the results of our experiments alow a clear and specific
interpretation: CaMKII binding to GIuN2B or translocation to synapses does not require catal ytic activity of CaMKI|
or any other kinase inhibited by H7 or Sta. Some additional kinases inhibited by both H7 and Sta that are important

in LTP include PKA and PKC (Soderling and Derkach, 2000). H7 has similar affinity for CaMKII (K; = 7 uM
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(Malinow et a., 1989)), PKA (Ki = 3 uM (Hidaka et a., 1984)), and PKC (K; = 6 uM (Hidaka et a., 1984)). Sta has
dlightly higher potency for PKC (IC50 = 5 nM (Meggio et al., 1995)) than PKA (IC50 = 15 nM (Meggio et a.,
1995)) and CaMKII (IC50 = 20 nM (Yanagihara et a., 1991)). In addition to serine/threonine kinases, Sta inhibits
tyrosine kinases including Src-family (Meggio et a., 1995), which are implicated in LTP (Soderling and Derkach,
2000). The potency of Sta for these kinases is similar to the others (v-Src IC50 = 6 nM (Nakano et al., 1987), Lyn
IC50 = 20 nM (Meggio et a., 1995)). Thus, the activities of these kinases — CaMKII, PKA, PKC, and Src-family —
are not required for the CaMKI1/GIUN2B interaction or activity-dependent CaMKI| synaptic translocation.

Many ATP-competitive inhibitors, like H7 and Sta, are not kinase selective, owing to well-conserved ATP-
binding pockets (Hanks et al., 1988; Omura et al., 1995). Because of this homology, it may be expected that their
mechanism of inhibition for kinases would be consistent. However, Sta was described as non-competitive with ATP
for CaMKII (Yanagiharaet a., 1991; Meggio et al., 1995; Omuraet al., 1995), even though it is ATP-competitive for
other kinases (Meggio et a., 1995; Omura et a., 1995; Prade et a., 1997). This classification was reexamined here
after finding that tight-binding conditions — CaMKII concentration approximated the Sta IC50— may have been used
to determine the mechanism. Under these conditions, the MichaelisMenten equation no longer holds true and
regardless of the mechanism it will appear noncompetitive (Morrison, 1969; Copeland, 2000). In our experiments the
concentration of CaMKII (2.5 nM) was much lower than that used previously (50 nM (Y anagihara et a., 1991)), but
was still only ~10-fold lower than the Sta IC50, conditions that may require analysis by a tight-binding inhibitor
model (Morrison, 1969). Nevertheless, both the traditional nonlinear regression model and the Morrison tight binding
inhibitor model showed that Sta inhibits CaMKII through a mixed mode of inhibition. In both models, the affinity of
Stafor CaMKII was approximately 15-fold greater without ATP bound than with. Thus, inhibition of CaMKII by Sta
is primarily ATP-competitive. Interestingly, PKC inhibition by Sta was also described as non-competitive with ATP
(Tamaoki et al., 1986; Nakano et al., 1987), though it is now accepted as ATP-competitive (Meggio et al., 1995;
Omuraet al., 1995).

Multiple studies have suggested that CaMKII translocation to the synapse is at least in part mediated by
binding to GIuN2B (Colbran and Brown, 2004; Merrill et al., 2005; Coultrap and Bayer, 20124). Direct evidence was

provided by a mouse mutant with CaMKII binding-incompetent GIUN2B (Halt et al., 2012). Additionally, neurons
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cultured from GIUN2B -/- mice are deficient for synaptic translocation induced by chemica-LTP, which can be
rescued by re-expression of WT but not CaMKII-binding incompetent GIuN2B (She et a., 2012). Furthermore,
CaMKII translocation can be reconstituted in heterologous cells by co-expressing GIuN2B (Bayer et a., 2001). Here,
we show that neither synaptic translocation nor CaMKII/GIUN2B binding require kinase activity. These shared
characteristics strengthen the idea that GIUN2B is both necessary and sufficient for CaMKII synaptic translocation,
though additional mediating factors may contribute (Colbran and Brown, 2004; Jalan-Sakrikar et al., 2012).

In conclusion, the CaMKII/GIUN2B interaction within cells is independent of enzymatic activity, though
maximal binding requires occupation of the ATP-binding pocket. This finding highlights the importance of
understanding all biochemical effects of inhibitors and mutations, as five different approaches to testing
CaMKII/GIuN2B binding using inactive mutants or inhibitors provided misleading results. Using detailed
understanding of CaMKI| activity and interactions along with careful selection of inhibitory mechanisms may lead to
the development of better and more specific drugs targeting neurona plasticity. For example, having the ability to
reverse the LTP maintenance phase, without secondary effects on other functions of CaMKII activity, may be
therapeutic in disorders of maladaptive plasticity, such as addiction (Hyman et a., 2006) or posttraumatic stress
disorder (Nathan et al., 2011). Indeed, persistent disruption of CaMKII/GIUN2B complexes by a single transient
treatment (Sanhueza et al., 2011) appears to have the potential to persistently reverse addiction behavior (Loweth et

a., 2013).
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FIGURE LEGENDS

Figure 1. H7 and Sta inhibit CaM K11 enzymatic activity in vitro. In order to test kinase activity, recombinant,
purified CaMKlla (2.5 nM) was used to phosphorylate syntide-2 peptide (75 uM) in the presence of control (Ctl),
700 uM H7, or 2 uM Sta. Results were measured in phosphorylation reactions per minute. Both H7 and ST

significantly reduced the activity from control. One-Way ANOV A, *** p < 0.001

Figure 2. Sta is competitive with ATP. To determine the inhibitory mechanism of Sta, concentration-response
curves of kinase activity were measured over arange of ATP concentrations. (A) Increasing concentrations of Sta
increase the apparent K, for ATP without effect on V n«, suggesting a competitive model by Michaelis Menten
kinetics. (B) Using the Lineweaver-Burk model, the lines all intercept at the same Y -intercept with varying X-
intercepts, mathematically suggesting a competitive model. (C) Testing the data under tight-binding equations shows

amixed model of inhibition that is predominantly competitive with ATP.

Figure 3. H7 and Sta mimic the nucleotide enhancement of CaM K 11/GIuN2B binding in vitro. CaMKII binding
to GIUN2B was assessed by immobilizing GST-tagged GIuUN2B C-tail to anti-GST coated plates and adding CaMKI|
in the presence of Ca®* and calmodulin. Bound protein was measured by Western blot. (A) Representative Western
blot of bound fractions from an in vitro binding assay run in biological replicates. The membranes were probed for
CaMKII (above) and GST-GIuN2B (below). Binding reactions contained varied combinations of inhibitors (Inh; 700
uM H7 or 2 uM Sta) and nucleotide (Nuc; 100 uM ADP or ATP). These conditions are indicated above the lanes. (B)
Quantification of the Western blot results normalized to no nucleotide control showing enhancement of binding
under all conditions relative to no nuclectide control (One Way ANOVA, ** p<0.01, *** p < 0.001). No differences
existed within H7 or Sta treatments, though binding in the presence of ADP was greater than ATP (One Way

ANOVA, 1 p<0.05). (n = 6-17 per group)
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Figure4. H7 and Stainhibit CaM K11 enzymatic activity within cells. To assess inhibition of CaMKII enzymatic
activity within cells, HEK293 cells were co-transfected with CaMKI1 and GluA1l. These cells were incubated with
inhibitor and then stimulation with ionomycin (Iono). After these treatments, the cells were harvested with
phosphatase inhibitors and the resultant extracts were analyzed by Western blotting. (A) H7 reduced S831
phosphorylation in a dose dependent manner, seen comparing stimulated cells in the absence of inhibitor to
stimulated cells incubated with 700 uM H7 (One Way ANOVA, * p < 0.05) in the graph of Western blot
guantification. Below the graph is a representative Western blot of phospho-S831 GluA 1 (top) and total GIuA1
(bottom). H7 treatment was from 7 uM to 700 uM; H7 IC50 = 7 uM. (n = 4 per group) (B) Sta also reduced S831
phosphorylation in a dose dependent manner, seen comparing stimulated cells in the absence of inhibitor to
stimulated cells incubated with 200 nM H7 (One Way ANOVA, * p < 0.05) in the graph of Western blot
quantification. Below the graph is a Western blot of phospho-S831 GluA1 (top) and total GluA1 (bottom), runin

biological replicates. Sta treatment was from 2 nM to 200 nM; StaIC50 =20 nM. (n = 3 per group)

Figure5. H7 and Sta per mit translocation of GFP-CaM K1 in heter ologous expression systems.

(A) Representative time course of stimulation-induced GFP-CaMKI| translocation to GIuN2B in HEK293 cells.
lonomycin-stimulation induces distinctive puncta and increased signal intensity in the perinuclear region. (B)
Quantitation of the translocation data shows an increase in ionomycin-induced translocation of CaMKII. There were
no differences in time courses between control (Ctl) and H7; Staiinduced greater translocation at minutes 1 and 2
(Two Way RMANOVA, ** p<0.01). (n = 7-14 per group) (C) Representative images of HEK293 cells fixed
without (top) and with (below) ionomycin stimulation. The latter condition displays increased col ocalization of GFP-
CaMKII (Ieft) and immunostained GIUN2B (center), as seen in the merged image (right; GFP-CaMKII — green,
GIUN2B — red). (D) Quantitation of colocalization between GFP-CaMKI |1 signal and GIUN2B staining shows that
stimulation increased colocalization in the control condition (indicating trans ocation), which was further increased
when cells were pretreated with 700 uM H7 or 2 uM Sta (One Way ANOVA, * p <0.05, *** p < 0.001). (n = 12-100
per group; note that ionomycin-stimulation decreased cellular adherence, decreasing cells able to be visualized) (E)

Comparison of colocalization after stimulation of CaMKII with either WT or S1303A mutant GIuN2B. S1303A
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displayed increased col ocalization with CaMKI| relative to WT in the control condition but not after pretreatment

with H7 or Sta, which likely prevent S1303 phosphorylation (One Way ANOV A, *** p < 0.001). (n = 12-47 per

group)

Figure 6. H7 and Sta per mit synaptic translocation of CaM K1 in primary hippocampal neurons.

(A) Representative time course of stimulation-induced synaptic translocation of GFP-CaMKII. GFP-CaMKI1 signal
moves from a diffuse pattern throughout the dendrite to concentrated puncta at dendritic spines. (B) The spine to
shaft ratio of GFP-CaMKII signal at 0 and 240 seconds after glut/gly stimulation shows an increasein signal from 0
to 240 secondsin all conditions and no differences between control (Ctl), H7 and Sta. (n = 10-11) Statisticsrelative
to non-stimulated condition within each treatment. (Two Way ANOVA, * p<0.05, ** p<0.01, *** p <0.001) (C)
Representative images of neurons fixed with (top) or without (bottom) glut/gly stimulation and stained for CaMKI|
(Ieft) and the synaptic marker Shank (center); merge (right) shows overlay of CaMKII (green) and Shank (red). (D)
Synaptic enrichment of CaMKI I increases after stimulation of increasing duration in both control and H7 pretreated
neurons. Synaptic CaMKI| was greater for H7 than control at 120 sec; no other differences existed between

trestments (One Way ANOVA * p < 0.05). (n = 23-62 per condition)
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Supplemental Figure 1
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Supplemental Figure S1: Staurosporine reduced CaMKIl immunostaining in fixed neurons
(upper panels; quantification in left lower panel), but did not lead to degradation of GFP-CaMKI|
in live neurons (right lower panel). Reduced CaMKII immunostaining was observed with 20,
200, and 2000 nM staurosporine (Sta) (left lower panel). By contrast, in live neurons, neither
2000 nM Sta nor 700 yM H7 reduced GFP-CaMKIl levels (right lower panel).



