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ABSTRACT
Calcineurin (CaN) phosphatase signaling is regulated by targeting
CaN to substrates, inhibitors, and scaffold proteins containing
docking motifs with the consensus sequence of PxIxIT. Here, we
identify the docking of CaN to theg isoformofMKK7, a component
of the c-Jun N-terminal kinase (JNK) pathway. Because of
alternative splicing of a single exon within the N-terminal domain,
MKK7g encodes a unique PxIxITmotif (PIIVIT) that is not present in
MKK7a or b. We found thatMKK7g bound directly to CaN through
this PIIVIT motif in vitro, immunoprecipitated with CaN from cell
extracts, and exhibited fluorescence resonance energy transfer
(FRET) with CaN in the cytoplasm but not in the nucleus of living
cells. In contrast,MKK7a andb exhibited nodirect bindingor FRET
with CaN and were localized more in the nucleus than the

cytoplasm. Furthermore, the inhibition ofCaNphosphatase activity
increased the basal phosphorylation of MKK7g but not MKK7b.
Deletion of the MKK7g PIIVIT motif eliminated FRET with CaN and
promoted MKK7g redistribution to the nucleus; however, the
inhibition of CaN activity did not alter MKK7g localization, in-
dicating thatMKK7g cytoplasmic retention byCaN is phosphatase
activity independent. Finally, the inhibition of CaN phosphatase
activity in vascular smooth muscle cells, which express MKK7g
mRNA, enhances JNK activation. Overall, we conclude that the
MKK7g-specific PxIxIT motif promotes high-affinity CaN binding
that could promote novel cross talk between CaN and JNK
signaling by limiting MKK7g phosphorylation and restricting its
localization to the cytoplasm.

Introduction
The ubiquitous phospho-ser/thr protein phosphatase calci-

neurin (CaN; also known as PP2B and PPP3) controls many
important cellular functions, including the immune response
in T cells, hypertrophic growth of myocytes, and synaptic
plasticity in neurons. Elevations in intracellular Ca21 stimu-
late the phosphatase activity of the CaN A catalytic subunit

through Ca21 binding to a preassociated CaN B regulatory
subunit and to calmodulin, which binds adjacent to CaNB
subunit on the CaN A subunit C-terminal regulatory domain.
The concerted actions of Ca21-CaNB and Ca21-CaM then
cause a conformational change in the CaNA regulatory
domain that leads to displacement of an autoinhibitory
domain from the catalytic active site (Li et al., 2011). However,
the CaNA subunit also engages in additional protein-protein
interactions with a variety of binding partners that contain
docking motifs with the consensus sequence of PxIxIT. These
diverse CaN-PxIxIT docking interactions can in turn regulate
the specificity of CaN signaling by controlling substrate
recognition, catalytic activity, and subcellular targeting to
multiprotein signaling complexes by scaffold proteins
(Aramburu et al., 1998; Oliveria et al., 2007; Li et al., 2011;
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Sanderson et al., 2012; Grigoriu et al., 2013; Murphy et al.,
2014).
The PxIxIT docking motif was originally identified in

studies that characterized the mechanism by which CaN first
recognizes and then dephosphorylates the nuclear factor of
activated T cells (NFAT) family of transcription factors to
promote NFAT translocation from the cytoplasm to the
nucleus to control gene expression (Aramburu et al., 1998).
Subsequent peptide library screening identified the PVIVIT
peptide as an artificial PxIxIT motif with submicromolar CaN
binding affinity (Aramburu et al., 1999). X-ray crystallo-
graphic determination of the structure of the PVIVIT-CaN
complex elucidated the molecular basis CaN A subunit
binding to PxIxIT motifs through a b-sheet interaction at a
site distant from the phosphatase catalytic site, thus explain-
ing how PxIxIT binding can direct either active or inactive
CaN to specific substrates (Li et al., 2007). Interestingly, there
is considerable nonconsensus variation in the PxIxIT motif
sequences for different CaN binding proteins, leading to a
wide range of binding affinities, with Kd (dissociation con-
stant) values from submicromolar to hundreds of micromolar
(Li et al., 2011; Goldman et al., 2014). For instance, our recent
X-ray structure-function analysis of the postsynaptic plasma
membrane scaffold protein A-kinase anchoring protein
79 (AKAP79) identified an IAIIIT variant of this motif that
interacts with CaN at the same site as PVIVIT but with Ile
substituting for Pro in the first position (Li et al., 2012).
However, this AKAP79 nonconsensus variant motif binds
CaN with submicromolar affinity, which is similar to PVIVIT
and actually is greater than all other known naturally
occurring consensus PxIxIT sequences.
An important feature of AKAP79 is that it not only binds

CaN to target it to specific substrates but also anchors
two opposing protein kinases, the cAMP-dependent protein
kinase A (PKA) and the Ca21 and phospholipid-activated
protein kinase C, thus allowing for coordinated bidirectional
regulation of phosphorylation and integration of different
secondmessenger pathways within a single signaling complex
(Woolfrey and Dell’Acqua, 2015; Wild and Dell’Acqua, 2018).
Based on the AKAP79-CaN/PKA/protein kinase C scaffold
model, we sought to identify other signaling proteins that
could anchor CaN and protein kinases in the same signaling
complex. To this end, we used a combination of in silico,
biochemical, and cellular imaging approaches to identify and
characterize a consensus PxIxIT CaN docking motif in the g
isoform splice variant of the mitogen-activated protein kinase
(MAPK) kinase 7 (MKK7; also known as MAPKK7), a key
upstream kinase regulator of JNK signaling. In particular, we
demonstrate that this PxIxIT motif promotes high-affinity
CaN binding to MKK7g, selectively regulates MKK7g phos-
phorylation, and restricts localization of MKK7g to the
cytoplasm instead of the nucleus, where the related MKK7a
and b isoforms lacking this motif are concentrated. Impor-
tantly, we also provide evidence that this scaffolding of CaN to
MKK7g may promote cross talk between CaN and JNK
signaling in vascular smooth cells.

Materials and Methods
cDNA Expression Plasmids and Transfection of Human

Embryonic Kidney-293 and COS7 Cells. Previous publications
describe plasmids encoding CaNAa-myc (Dell’Acqua et al., 2002);

CaNAa-CFP/YFP (Oliveria et al., 2003); CaNAaH151A-YFP (Oliveria
et al., 2012); PVIVIT-GFP (Aramburu et al., 1999); andFlag-MKK7a1,
b1, and g1 isoforms (Tournier et al., 1999). N-terminally tagged YFP
andCFP versions ofMKK7a1, b1, and g1were constructed by transfer
of Flag-MKK7 encoding HindIII-XbaI fragments into pEC/YFPC1
(Takara Bio USA, Inc., Mountain View, CA). The DPIX mutation
deleting residues 41PIIVIT46 in MKK7g1 was introduced by Stra-
tagene QuikChange polymerase chain reaction (PCR) (Agilent Tech-
nologies Inc., Santa Clara). Human embryonic kidney (HEK)-293 and
COS7 cells at 20%–50% confluency (24–48 hours after plating) were
transfected by calcium phosphate precipitation with the various
plasmid cDNA expression constructs [1–2 mg each plasmid per
25-mm glass coverslip in six-well plates for fluorescence resonance
energy transfer (FRET) imaging or 2–10 mg each plasmid for 10-cm
plates for immunoprecipitation (IP)] for 4–6 hours at 5% CO2 and
37°C. Cells were then washed with phosphate-buffered saline (PBS),
fedwith normal growthmedium (Dulbecco’smodifiedEagle’smedium,
10% fetal bovine serum, 1% penicillin/streptomycin; Invitrogen,
Carlsbad, CA) and grown for 24–48 hours prior to fluorescence
imaging or preparation of cell extracts for IP.

IP of CaN-MKK7 Complexes from HEK-293 Cell Extracts.
We analyzed Flag-MKK7 and CaNA-myc binding by co-IP from
transfected HEK-293 cell extracts essentially as described for
AKAP79 binding to CaNA-myc (Dell’Acqua et al., 2002). In Fig. 8,
cells were treated with 1 mM ionomycin (Tocris Bioscience, Bristol,
UK) for 3 minutes prior to co-IP. Briefly, HEK-293 cells on 10-cm
dishes were washed twice in PBS prior to harvesting. Cell extracts
were prepared by lysis in ice-cold buffer containing 0.5% Triton
X-100 [Triton Lysis Buffer (TLB): 20 mM Hepes, pH 7.4; 100 mM
NaCl; 5 mM EDTA, 0.5% Triton X-100 (w/v), 1 mM dithiothreitol
(DTT); 2 mg/ml leupeptin/pepstatin; 1 mM benzamidine; 1 mM
AEBSF (4-(2-aminoethyl) benzenesulfonyl fluoride)] followed by clar-
ification of the lysate with centrifugation at 16,000g for 15 minutes.
Approximately 1.0 mg of cell lysate was incubated at 4°C overnight
with 2 mg of mouse anti-myc (9E10; Santa Cruz Biotechnology, Dallas,
TX), rabbit anti-Flag (sc-807; Santa Cruz Biotechnology), or unrelated
mouse or rabbit nonimmune IgG. After antibody incubations, Pierce
Protein A-Sepharose (Thermo Fisher Scientific, Waltham,MA) (25 ml,
50% slurry equilibrated in TLB)was added and incubated for 1 hour at
4°C. The immunecomplexes were pelleted by microcentrifugation
(3000g, 1 minute), and the beads were washed in TLB (4 � 1 ml).
The immunecomplexes were eluted with SDS-PAGE sample buffer,
separated by SDS-PAGE and transferred to nitrocellulose filters.
Filters were analyzed by immunoblotting with anti-Flag (1:1000),
anti-myc (1:1000), or rabbit anti-GFP (1:500; Invitrogen) and horse-
radish peroxidase–coupled secondary antibodies (Bio-Rad, Hercules,
CA). Immunoblots were then visualized using enhanced chemilumi-
nescence (Thermo Fisher Scientific) and a FluorChem gel documen-
tation system (Alpha Innotech, San Leandro, CA).

IP of MKK7 species for phosphorylation analysis was performed as
previously described (Woolfrey et al., 2015) with modifications as
detailed below: HEK-293FT cells were transfected withmyc-CaN, and
YFP-MKK7b1 or YFP-MKK7g1 were transfected by calcium phos-
phate precipitation, as described above. Cells were then treated with
CaN inhibitors cyclosporin A (CsA) (2 mM) and FK-506 (C44H69NO12)
(2mM) (Tocris Bioscience) for 30minutes, rinsed in PBS1 1mMCa21,
and lysed in ice-cold radioimmunoprecipitation assay buffer plus
inhibitors [20 mM Tris, pH 7.4; 150 mm NaCl; 1% Triton X-100; 1%
NP40; 5 mM EDTA; 5 mM NaF; 5 mM b-glycerophosphate; 2 mg/ml
leupeptin; 2 mg/ml pepstatin; and 1 mM 4-(2-aminoethyl)-
benzenesulfonyl fluoride]. After pelleting cell debris, 5% of each
sample was set aside for input, and the remaining lysate was tumbled
overnight at 4°C with anti-GFP antibody (4 mg; A-11122; Life
Technologies, Carlsbad, CA). The following day, lysates were tumbled
with Pierce Protein A Sepharose beads (Thermo Fisher Scientific) for
2 hours at 4°C. After threewasheswith lysis buffer, proteinwas eluted
from beads in 2� sample buffer 1 DTT (50 mM). Samples were then
resolved using SDS-PAGE and Western blotting for phospho-MKK7
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(1:1000 in 5% bovine serum albumin Tris-buffered saline/Tween 20;
catalog number 4171; Cell Signaling Technology, Danvers, MA), anti-
GFP (1:1000), and anti-myc (1:100).

MKK7 Peptide-CaNA Binding Assays. N-biotinylated,
C-amidated MKK7g (35SPQRPRPIIVITLSPAPA52), MKKb

(35SPQRPRPTLQLPLANDGG52), PVIVIT (1GPHPVIVITGPHEE14),
or control peptide (Ht31; 1LIEEAASRIVDAVIEQVK18) were cus-
tom synthesized (Biomatik, Cambridge, ON, Canada). For precipi-
tation of CaNA-myc fromHEK-293 cell extracts, 10 mg of peptide was
incubated with streptavidin-agarose (Sigma-Aldrich, St. Louis, MO)
(20 ml of packed beads) in hypotonic buffer (10 mM Hepes, pH 7.4;
10 mMKCl; 1.5 mMMgCl2; 0.1% NP40; 0.1% bovine serum albumin;
1 mM DTT; 1 mM benzamidine; 1 mM leupeptin; and 1 mM AEBSF)
for 4 hours at 4°C. The slurry was centrifuged (3000g), and the
unbound peptide was removed. The beads were then incubated in
∼1 mg of HEK-293 cell extracts expressing CaNA-myc in a total
volume of 100 ml overnight at 4°C. Protein complexes were pelleted
by centrifugation (3000g), washed 5� with hypotonic buffer containing
1MNaCl and5�with hypotonic buffer, elutedwithSDS-PAGEsample
buffer and immunoblotted using anti-myc, as described above.
The ability of MKK7 and PVIVIT peptides to compete with fluorescent
PVIVIT peptide for binding to purified CaN was measured using
fluorescence polarization as described previously (Li et al., 2004). Briefly,
a complex of 1 mM CaNA,B holoenzyme and 100 nM Oregon green–
labeled PVIVIT was formed in PBS with 1 mg/ml bovine g-globulin,
followed by titration of MKK7g peptide to 200 mM orMKK7b peptide to
2000mM. Competition of fluorescence polarization representing Oregon-
green-PVIVIT bound to CaN was measured using a Synergy2 Plate
Reader (BioTek, Winooski, VT).

Imaging of MKK7 and CaN Interaction and Localization in
COS7 Cells. Living COS7 cells on 25-mm glass coverslips were
imaged at room temperature 24–48 hours post-transfection using a
Nikon (Tokyo, Japan) TE-300 Inverted Microscope equipped with a
63� or 100� plan-apo/1.4 numerical aperture objective, CHROMA
(Bellows Falls, VT) JP4 CFP/YFP/FRET filter sets, SensiCam digital
CCD camera (The Cooke Corporation, Auburn Hills, MI), and Slide-
book 4.0 software (Intelligent Imaging Innovations, Denver, CO). For
three-filter (3F) micro-FRET measurements of sensitized FRET
emission, CFP, YFP, and raw FRET images were captured with 2 � 2
binning. For measurements of FRET as CFP-donor dequenching

after YFP-acceptor photobleaching (PB), YFPwas bleached in a subset
of the same cells with 5356 20 nm light for 2minutes andCFP imaged
again essentially as described previously (Oliveria et al., 2003, 2007;
Gorski et al., 2005). Briefly, for the 3F FRETmethod, YFP, CFP, and raw
FRET fluorescence was detected in single x-y planes in living cells using
250-millisecond exposure times to capture three images: 1) YFPexcita-
tion/YFPemission; 2) CFPexcitation/CFPemission; and 3) CFPexcitatio-
n/YFPemission (raw FRET). After background subtraction, fractional
image subtraction corrected for CFP bleed-through (0.5) and YFP cross-
excitation (0.02) to yield an image of corrected, sensitized FRET (FRETc)
[(FRETc 5 raw FRET 2 (0.5 � CFP) 2 (0.02 � YFP)], which was then
gated to the CFP donor channel to create a FRETc/CFP pseudocolor
image of relative FRET intensity in the cell. Mean CFP, YFP, and raw
FRET fluorescence intensities were then measured by mask analysis
of cytoplasmic regions in Slidebook 4.0 (Intelligent Imaging Innova-
tions), as described previously (Sorkin et al., 2000; Oliveria et al.,
2003, 2007). Apparent FRET efficiency (Eeff) values for sensitized
FRETwere calculated from thesemean intensities using the following
equations as described in the studies by Erickson et al. (2003) and
Oliveria et al. (2007): and Eeff 5 (FR 2 1) � («YFP440/«CFP440), where
FR5 (rawFRET2 (0.5� CFP))/(0.02� YFP), and «YFP440 and «CFP440
represent the average molar extinction coefficients for YFP and CFP
over the band pass of the CFP excitation filter («YFP440/«CFP440 5 0.094).
For YFP PB measurements of CFP dequenching, Eeff was indepen-
dently measured and calculated as Eeff 5 1 2 (CFPpre/CFPpost),
where CFPpre is CFP donor intensity before and CFPpost is CFP
donor intensity after. Eeff calculated from either sensitized FRET
measurements or PB measurements of CFP donor deqeunching
takes into account cell-to-cell variation in the expression of YFP
and CFP, such that these FRET indices are effectively independent
of donor and acceptor concentrations. Similar mask analysis to
measure the mean CFP and YFP fluorescence intensity in regions of
cytoplasm versus nucleus of individual living cells was performed to
calculate the cytoplasm/nucleus mean intensity ratios presented in
Figs. 5 and 6. In Fig. 7, COS7 cells were fixed in 3.7% formaldehyde
in PBS for 5 minutes prior to imaging CFP and YFP fluorescence and
measurement of cytoplasm/nucleus mean intensity ratios as above
for living cells.

Quantitative real-time PCR Analysis of MKK7g mRNA
Expression. Total RNA (5 mg) was reverse transcribed in a volume

Fig. 1. MKK7g contains a putative con-
sensus PxIxIT docking motif for CaN. (A)
Sequence alignments within the N-terminal
domains of MKK7g and MKK7b showing
how alternative splicing of exon 2 intro-
duces 17 amino acids that are unique to
MKK7g and contain a putative consensus
PxIxIT motif, 41PIIVIT46. An alternate
alignment of the MKK7b N-terminal do-
main sequence reveals a possible noncon-
sensusPxIxITmotif variant of PTLQLP. (B)
Diagram of the role of MKK7 as an MAPK
kinase (along with MKK4) in the JNK-
MAPK signaling pathway. MLK=Mixed-
lineage kinases, ASK1=Apotosis-sensing
kinase 1, MEKK=Map/ERK kinase, kinases
also known asMAP3Ks andMAPKKKs. (C)
Diagrams of the three N-terminal (a, b, g)
and two C-terminal (1, 2) alternatively
spliced isoforms of MKK7. Locations of the
common kinase domain, the JNK-binding
N-terminal domain, and the potential
CaN binding PxIxIT motifs are indicated.
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of 20 ml using random hexamers and MMLV (Moloney Murine
Leukemia Virus) reverse transcriptase. Aliquots (1 ml) of reverse
transcription reactions were subjected to PCR in 25-ml reactions with
SYBR Green Jumpstart Taq Readymix (Sigma-Aldrich) and the primers
for MKK7g, forward primer 59-ATCACTCTAAGCCCTGCTCC-39 and
reverse primer 59-TCTCTGAGGATGGTGAGCGG-39, using an I Cycler
(Bio-Rad). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA
levels were measured by quantitative real-time PCR (qRT-PCR) with
forward primer 59-CGTGGAGTCTACTGGCGTCTTCAC-39 and reverse
primer 59-CGGAGATGATGACCCTTTTGGC-39 in replicate samples as
for the normalization of MKK7g mRNA expression, and the data are
presented as “relative expression.”

Phospho-JNK Immunoblots and JNK Activity Assays in Rat
Vascular Smooth Muscle Cells. Rat vascular smooth muscle cells
(rVSMCs) cultured in Eagle’s minimal essential medium containing
10% fetal bovine serum were switched to Eagle’s minimal essential
medium containing 0.2% fetal bovine serum and treated as indicated.
After incubation, the cell monolayers were rinsed with PBS and
collected in lysis buffer (0.5% Triton X-100; 50 mM b-glycerophos-
phate, pH 7.2; 0.1mMNa3VO4; 2mMMgCl2; 1mMEGTA; 1mMDTT;
2 mg/ml leupeptin; and 4 mg/ml aprotinin). Microfuged extracts
containing 200 mg of protein were submitted to immunoblot analyses
for phospho-JNK1/2 (1:1000; Cell Signaling Technology) or extracts
were incubated (4°C, 2 hours) with 2 mg of anti-JNK1 antibody (C17;
SantaCruzBiotechnology) and 10ml of packedProteinASepharose in
a total volume of 0.5 ml. The immune complexes were washed three
times in lysis buffer and then suspended in 40 ml of 50 mM
b-glycerophosphate (pH 7.2), 0.1 mM Na3VO4, 10 mM MgCl2,
100 mM [g-32P]-ATP (5000 cpm/pmol), 1 mM EGTA, and 2 mg of
glutathione S-transferase (GST)-cJun(1–79). After a 20-minute in-
cubation at 30°C, the kinase reactions were terminated with 10 ml of
SDS sample buffer and submitted to SDS-PAGE. TheGST-cJun(1–79)
polypeptides were excised from the Coomassie-stained and dried gels,
and the incorporated radioactivity was determined in a scintillation
counter.

Statistical Analyses. All graphs in the figures represent the
mean6 S.E., and P values were determined as indicated in the figure
legends by unpaired two-tailed Student’s t test in Excel for Mac

2011 version 14.7.7 (Microsoft, Redmond,WA), by one-sample t test in
Prism versions 4.0–6.0 (GraphPad Software, La Jolla, CA), or by one-
way ANOVA with Bonferroni post hoc correction for multiple com-
parisons in Prism versions 4.0–6.0. A value of P , 0.05 is considered
significant unless otherwise noted in the figure legends because of
additional adjustment for multiple comparisons.

Results
To identify novel signaling proteins that may bind CaN, we

used the program BLASTP (http://blast.ncbi.nlm.nih.gov) to
search all nonredundant mouse, rat, and human protein
sequences in GenBank, Protein Data Bank, SWISS-PROT,
Protein Information Resource, and Protein Research Founda-
tion for potential high-affinity PxIxIT motifs similar in se-
quence to PVIVIT or IAIIIT from AKAP79. The top hit in the
search for sequences similar to PVIVIT identified residues
41PIIVIT46 in N-terminal domain of the g isoform of MKK7
that conforms to a consensus PxIxIT motif and differs from
PVIVIT by only a single substitution of I for V in the
nonconserved second position (Fig. 1A). Importantly, this
41PIIVIT46 sequence is identical in the MKK7g sequences
for humans, mice, and rats. The JNK-MAPK pathway is
activated by a number of different cellular stresses and
receptors binding extracellular ligands (Fig. 1B). In these
pathways, MKK7 kinase activity is activated by Ser and Thr
phosphorylation in its activation loop by a number of different
upstream MAPK kinase kinases (MAPKKKs) and then acti-
vates JNK1/2/3 kinase activity through phosphorylation on
Thr and Tyr residues in the JNK activation loop to then
promote downstream phosphorylation of targets that control a
variety of processes including transcription and apoptosis
(Fig. 1B) (Davies and Tournier, 2012). MKK7g is one of three
isoforms of MKK7 (a, b, and g) that differ in their N-terminal
regions because of alternative splicing (Tournier et al., 1999)

Fig. 2. MKK7g and MKK7b coimmuno-
precipitate with CaN fromHEK-293 cells.
(A) Diagram showing the experimental
design detecting reciprocal co-IP of CaNA-
myc and Flag-MKK7g and Flag-MKK7b,
but not Flag-MKK7a from transfected
HEK-293 cells. (B) Co-IP of CaNA-myc,
detected by anti-myc immunoblotting (IB)
with anti-Flag pull-down of Flag-MKK7g1
and Flag-MKK7b1 but not nonimmune
rabbit IgG. (C) No co-IP of CaNA-myc with
Flag-MKK7a1. (D) Co-IP of Flag-MKK7g1
and Flag-MKK7b1 detected by anti-Flag
IB with anti-myc pull-down of CaNA-myc
but not nonimmune mouse IgG. (E) No
co-IP Flag-MKK7a1 with CaNA-myc. All
data are representative of three indepen-
dent experiments. MW, molecular weight.
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(Fig. 1C). The b and g isoforms both possess an N-terminal
regulatory domain (residues 1–91 in MKK7g) appended to the
kinase domain that contains docking sites for its downstream
substrate/target JNK (Tournier et al., 1999). In contrast,
MKK7a lacks this N-terminal regulatory domain (Fig. 1C).
Closer inspection of the MKK7 gene structure reveals that the
41PIIVIT46 sequence is contained within a 17–amino acid
region encoded by exon 2 that is unique to MKK7g; thus,
MKK7b contains an alternatively spliced sequence in this
region of 41PTLQLP46, which has, at best, weak homology to
a PxIxIT motif, with only one consensus residue at P41,
conservative substitutions of I for L at positions 43 and 45,
and a nonconservative substitution of T for P at position
46 (Fig. 1A). However, as mentioned above, since there is
considerable variation around the PxIxIT consensus motif in
known CaN binding partners, both MKK7g and b could
potentially interact with CaN, albeit likely with different
affinities.
To test for interactions between CaN and the different

MKK7 isoforms, we transfected HEK-293 cells with
C-terminal myc-tagged CaNA and N-terminal Flag-tagged
MKK7a, b, or g, and performed reciprocal co-IP experiments

(Fig. 2A). There is also alternative splicing of the MKK7
C-terminal region generating a shorter and longer C-terminal
version for each N-terminal variant (i.e., MKK7g1 vs.
MKK7g2) (Fig. 1C), giving rise to a total of six different
MKK7 isoforms (Tournier et al., 1999); however, we confined
our analysis to the shorter a1, b1, and g1 isoforms. Anti-Flag
IP of MKKg led to coprecipitation of CaNA-myc as predicted
based on the presence of the strong, consensus PxIxIT motif
(Fig. 2B). Somewhat surprisingly, anti-Flag IP of MKK7b also
pulled down CaNA-myc (Fig. 2B), suggesting that both MKKg

and MKK7b may be present in complexes with CaN in cells.
However, anti-Flag IP of the shorter MKK7a isoform lacking
the entire N-terminal domain failed to precipitate CaN (Fig. 2,
A and C). Likewise, anti-myc IP of CaNA led to co-IP of both
MKK7b and MKKg (Fig. 2D), but not to MKK7a (Fig. 2E).
Nonimmune IgG control IP also failed to precipitate Flag-
MKK7 or CaNA-myc under any of the above conditions,
further demonstrating specificity of the interactions of CaNA
with MKK7b and MKK7g.
To test whether the formation of complexes containing

CaN and MKK7b and g in HEK-293 cells involve CaNA
docking to PxIxIT motifs, we overexpressed PVIVIT-GFP as a

Fig. 3. A competing PxIxIT motif PVIVIT prevents CaN co-IP with MKK7g and MKK7b. (A) Diagram showing the experimental design for detecting
PVIVIT-GFP disruption of reciprocal co-IP between CaNA-myc and Flag-MKK7g and Flag-MKK7b in HEK-293 cells. (B) Expression of PVIVIT (bottom
panel, +VIVIT-GFP) prevents normal anti-Flag co-IP of CaNA-myc with Flag-MKK7g1 and Flag-MKK7b1 (top panel, 2VIVIT-GFP). (C) Expression of
PVIVIT (bottom panel, +VIVIT-GFP) prevents normal anti-myc co-IP of Flag-MKK7g1 and Flag-MKK7b1 with CaNA-myc (top panel,2VIVIT-GFP). (D)
Anti-GFP immunoblotting (IB) detecting PVIVIT-GFP expression in the extracts used for the anti-Flag and anti-myc IP in (B) and (C). All data are
representative of three independent experiments. MW, molecular weight.
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high-affinity competing PxIxIT binding partner for CaNA
(Fig. 3A). Accordingly, anti-FLAG co-IP of CaNA-myc with
MKK7b or MKKg (Fig. 3B) and anti-myc co-IP of Flag-MKKb

or MKKg with CaNA-myc (Fig. 3C) were all prevented by
VIVIT-GFP overexpression (Fig. 3D). Thus, coprecipitation of
CaNA with MKKg, as well as MKK7b, requires the PxIxIT
motif docking site on CaNA where PVIVIT binds. Next, we
began to evaluate the relative affinities of the PxIxIT site
interactions of CaN in complexes with MKKg and MKK7b by
varying the amount of expression of the competing PVIVIT-
GFP protein (Fig. 4, A and B). Consistent with a potentially
higher affinity PxIxIT interaction between CaNA and MKKg
compared with MKK7b, higher levels of VIVIT-GFP expres-
sion were required to prevent anti-myc CaNA co-IP of Flag-
MKK7g than for Flag-MKK7b (Fig. 4B).
However, co-IP of CaN with MKK7b and/or MKK7g from

cell extracts could be mediated either by direct binding to the
predicted PxIxIT motifs in these proteins or by indirect
interaction through unknown PxIxIT-containing proteins that
somehow associate with the MKK7b/g N-terminal domain.
Thus, to assay for direct binding between CaN and the
predicted PxIxIT motifs in MKK7g and b, we synthesized
N-biotinylated 18–amino acid peptides corresponding to res-
idues 35–52 containing the MKK7g PIIVIT and MKK7b
PTLQLP sequences, coupled them to streptavidin-agarose

beads, and then tested these peptides for coprecipitation of
CaNA-myc from HEK-293 cell extracts (Fig. 4, D and E). As a
positive control in this assay, we used a biotinylated 14–amino
acid peptide encoding the PVIVIT sequence (Aramburu et al.,
1999), and as negative control we used a biotinylated 18–
amino acid Ht31 peptide, that binds to PKA but not CaN (Carr
et al., 1992; Dell’Acqua et al., 2002). Although the MKK7g
peptide pulled down CaNA-myc to a similar extent as the
PVIVIT positive control peptide, the MKK7b peptide behaved
in a manner similar to that of the Ht31 negative control
peptide and failed to precipitate CaNA-myc (Fig. 4E). Last, we
assayed for direct binding of the MKK7g versus b 35–52
peptides to purified CaN in vitro by competition with PVIVIT.
In this assay, CaN binding to fluorescently labeled VIVIT
peptide was detected by increased fluorescence polarization
(anisotropy) due to formation of the larger, slower rotating
CaN-peptide complex compared with the free peptide (Fig. 4F)
(Li et al., 2004). Increasing concentrations of unlabeled
MKK7g, MKK7b, or VIVIT peptides were added to compete
with fluorescent VIVIT binding, causing a decrease in the
polarization signal (Fig. 4F). In this assay, theMKK7g peptide
competed with an IC50 of ∼10 mM, which was nearly as
effective as unlabeled VIVIT peptide competing against itself.
In contrast, the MKK7b peptide showed at best partial
competition of fluorescent VIVIT binding and only at much

Fig. 4. MKK7g, but not MKK7b, binds to CaN through a direct PxIxIT motif interaction. (A) Diagram showing the experimental design for detecting
PVIVIT-GFP disruption of anti-myc co-IP of CaNA-myc and Flag-MKK7g and -MKK7b in HEK-293 cells. Transfection of HEK-293 cells with higher
amounts of plasmid DNA leading to higher levels of VIVIT-GFP expression [middle panel, immunoblotting (IB): GFP] are required to disrupt anti-myc
co-IP of Flag-MKK7g1 (B) versus Flag-MKK7b1 (C) (top panel, IB: Flag) with CaNA-myc (bottom panel; IB: myc). (D) Diagram showing the experimental
design for detecting precipitation of CaNA-myc by biotinylated MKK7b or MKK7g 35–52 peptides coupled to streptavidin agarose beads. (E) MKK7g
35–52 and PVIVIT biotinylated peptides precipitate CaNA-myc from HEK-293 cell extracts. MKK7b 35–52 and negative control (Ht31) biotinylated
peptides do not precipitate CaNA-myc. (F) The MKK7g 35–52 peptide competes with an affinity similar to PVIVIT for fluorescent-PVIVIT binding
to CaNmeasured by fluorescence polarization (mP). MKK7b 35–52 only competes for fluorescent PVIVIT binding to CaN at much higher concentrations.
All data are representative of three independent experiments.
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higher doses approaching ∼1 mM (Fig. 4F). Based on the
knownKd value of ∼0.5 mM for the VIVIT-CaN interaction, we
can estimate that the MKK7g PIIVIT consensus PxIxIT motif
binds to CaN with an affinity in the physiologically relevant
low-micromolar range. In contrast, the MKK7b PTLQLP
nonconsensus sequence engages in little or no direct

interaction with CaN except at very high concentrations that
may be nonphysiologic (i.e., .1 mM)
These in vitro CaN binding results indicate that MKK7g

engages in a reasonably high-affinity direct PxIxIT site
interaction with CaN that could easily account for the co-IP
with CaNA from cell extracts observed above. However, the

Fig. 5. Interaction between MKK7g and CaN imaged by FRET microscopy in the cytoplasm of living cells. Sensitized YFP acceptor 3F FRET emission
(FRETc) or CFP donor dequenching after PB of the YFP acceptor (CFPpost . CFPpre) is not detected for CaNA-CFP with YFP-MKK7a (A) or YFP-
MKK7b (B) but is detected with YFP-MKK7g (C) in living COS7 cells. The merge panels show overlap (turquoise) of CaNA-CFP (blue) and YFP-MKK7
(green) localization in the cytoplasm but not in the nucleus. FRETc is shown in bothmonochrome and in pseudocolor on the same relative intensity scales
(blue = no FRETc to green, yellow, orange; and red = high with FRETc gated to the CFP donor channel). For YFP PB FRET, CFPpre and CFPpost are
shown on the same relative pseudocolor intensity scale (blue = no intensity to red = high intensity). Scale bar, 10 mm. (D) Quantification of sensitized 3F
FRET emission and YFP PB CFP dequenching as apparent Eeff for multiple cells showing significant FRET for MKK7g [Eeff (3F) 0.0506 0.007, n = 12;
***P , 0.001 by one-way ANOVA with Bonferroni post hoc correction for multiple comparisons; Eeff (PB) 0.055 6 0.013, n = 8; **P , 0.01 by one-way
ANOVA with Bonferroni post hoc correction for multiple comparisons] compared with MKK7a (Eeff (3F) 20.032 6 0.003, n = 14; Eeff (PB) 20.022 6
0.016, n = 10) and MKK7b [Eeff (3F)20.0306 0.004, n = 14; Eeff (PB)20.0346 0.021, n = 12]. Eeff values#0 reflect a lack of FRET. (E) Quantification
of cytoplasm/nucleus fluorescence intensity ratios for multiple cells showing enrichment in the cytoplasm over the nucleus (.1.0) for MKK7g (1.56 0.1,
n = 12, 8; ***P, 0.001 by one-way ANOVAwith Bonferroni post hoc correction for multiple comparisons) and CaNA (1.636 0.09, n = 14; ***P, 0.001 by
one-wayANOVAwithBonferroni post hoc correction formultiple comparisons) comparedwithMKK7a (0.816 0.05,n = 14) andMKK7b (0.816 0.05,n= 14).
Diagram depicting CFP-YFP FRET between CaNA-CFP bound to the N-terminal domain of YFP-MKK7g (F) but not YFP-MKK7a or YFP-MKK7b (G). All
graphs represent themean6S.E. Please note that all of theP values above are belowa threshold of 0.05/3 = 0.0167 that incorporates additional correction for
multiple testing due to applying two different CFP-YFP FRET methods and measuring CFP and YFP cytoplasm/nucleus ratios in the same cells.
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best very low-affinity interaction detected for the MKK7b
peptide with CaN indicates that co-IP of these proteins from
cells is likely indirect and must be mediated by additional
protein interactions in the complex. Thus, we next turned to
FRET microscopy to measure possible direct interactions
between CaNA and MKK7g versus MKK7b in living cells.
We expressed CaNA C-terminally tagged with CFP and
MKK7a (Fig. 5, A and G), MKK7b (Fig. 5, B and G), or MKK7g
(Fig. 5, C and F) N-terminally tagged with YFP in COS7 cells.
As in our past FRET analysis of the AKAP79-CaNA in-
teraction in living cells (Oliveria et al., 2003, 2007), we
measured FRET between the CaNA-CFP and YFP-MKK7 by
two independent intensity-based FRET methods: 3F micro-
FRET to measure sensitized FRET emission from the YFP
acceptor (FRETc); and YFP PB to measure CFP donor
dequenching (CFPpost . CFPpre). For cells expressing YFP-
MKK7a (Fig. 5A) or YFP-MKK7b (Fig. 5B), no FRET with
CaNA-CFP was detected in corrected images of sensitized
FRET [FRETc or FRETc(CFP) gated to the CFP donor
channel], and no dequenching of CaNA-CFP fluorescence
was seen after YFP PB (CFPpost ∼ CFPpre). In contrast, both
FRETc signals and YFP PB induced increases in CFPpost .
CFPpre fluorescence that were observed in the cytoplasm of
cells expressing YFP-MKK7g and CaNA-CFP (Fig. 5C).
Quantification from multiple cells of sensitized 3F FRET as
apparent Eeff (Fig. 5D) (see Materials and Methods) all
confirmed significant FRET between YFP-MKK7g and
CaNA-CFP in the cytoplasm and a lack of FRET for MKK7a
and MKK7b. In addition, calculation of Eeff from YFP PB
measurements of CFP dequenching independently confirmed

significant FRET specifically between YFP-MKK7g and
CaNA-CFP (Fig. 5E). Thus, these FRET measurements in
living cells are in agreement with the in vitro binding studies
above and provide additional evidence in support of a direct,
high-affinity interaction between CaN and MKK7g, but not
MKK7b or MKK7a.
Another notable observation of these imaging experiments

was that YFP-MKK7a (Fig. 5A) and MKK7b (Fig. 5B) were
localized in both the nucleus and the cytoplasm, but with
greater accumulation in the nucleus. In contrast, YFP-MKK7g
was predominantly found in the cytoplasm with CaNA-CFP,
where FRET between these two proteins was also detected
(Fig. 5C). Independent quantification of cytoplasm to nucleus
fluorescence intensity ratios confirmed this differential dis-
tribution of MKK7 isoforms, with MKK7g and CaNA exhibit-
ing ratios of .1.0, indicating cytoplasmic enrichment; and
MKK7a and MKK7b both showing ratios of ,1.0, indicating
nuclear enrichment (Fig. 5E). Thus, these imaging results
indicate thatMKK7g binds directly to CaNA in the cytoplasm,
whereas MKK7a and MKK7b, which do not directly interact
with CaNA are more prevalent in the nucleus. Overall, these
results reinforce the conclusion that CaN co-IP with MKK7b
in Figs. 2–4 is due to CaN binding to additional proteins that
may associate through the MKK7 N-terminal domain that is
absent in MKK7a. In addition, given the observed differences
in localization of MKK7b and CaN along with the lack of
FRET, the interaction seen in lysates by co-IP may not be
relevant in intact cells.
To test the specific role of the MKK7g consensus PxIxIT

motif in mediating localization and FRET with CaN in the

Fig. 6. Deletion of the MKK7g PxIxIT motif eliminates FRET with CaN and promotes localization to the nucleus. Sensitized YFP acceptor 3F FRET
emission (FRETc) or CFP donor dequenching after PB of the YFP acceptor (CFPpost. CFPpre) is detected for CaNA-YFP with CFP-MKK7g (A) but not
CFP-MKK7gDPIX (B) in living COS7 cells. The merge panels show overlap (turquoise) of CaNA-YFP (green) and CFP-MKK7g (blue) localization in the
cytoplasm but not the nucleus. FRETc is shown in both monochrome and in pseudocolor on the same relative intensity scales (blue = no FRETc to green,
yellow, orange; and red = high with FRETc gated to the CFP donor channel). For YFP PB FRET, CFPpre and CFPpost values are shown on the same
relative pseudocolor intensity scale (blue = no intensity to red = high intensity). Scale bar, 10 mm. (C) Quantification of apparent Eeff from sensitized 3F
FRET emission (Eeff) and YFP PB CFP dequenching [Eeff (PB)] for multiple cells showing significant FRET for MKK7g [Eeff (3F)] 0.0576 0.007, n = 9;
***P , 0.001 by unpaired, two-tailed t test; Eeff (PB) 0.042 6 0.018, n = 9; **P , 0.01 by unpaired, two-tailed t test] compared with MKK7DPIXg [Eeff
(3F)20.056 6 0.006, n = 10; Eeff (PB) 20.0046 0.01, n = 10]. Eeff values #0 reflect lack of FRET. (D) Quantification of cytoplasm/nucleus fluorescence
intensity ratios for multiple cells showing enrichment in the cytoplasm (.1.0) for MKK7g (1.55 6 0.07, n = 9) but equal distribution in the nucleus and
cytoplasm (∼1.0) for MKK7gDPIX (1.086 0.09, n = 10; ***P = 0.0008 by unpaired two-tailed t test). Diagram depicting CFP-YFP FRET between CaNA-
YFP bound to theN-terminal domain of CFP-MKK7g (E) but not to CFP-MKK7gDPIX (F). All graphs represent themean6S.E. Please note that all of the
P values above are below a threshold of 0.05/3 = 0.0167 that incorporates additional correction formultiple testing due to applying two different CFP-YFP
FRET methods and measuring CFP and YFP cytoplasm/nucleus ratios in the same cells.
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cytoplasm, we introduced an in-frame deletion of residues
41PIIVIT46 to create a CFP-MKK7gDPIX mutant (Fig. 6, A,
B, E, and F). As described above for YFP-MKKg FRET with
CaNA-CFP, CFP-MKK7g and CaNA-YFP exhibited signifi-
cant cytoplasmic FRETc andCFPpost PB dequenching signals
in the cytoplasm of living COS7 cells (Fig. 6A). In contrast, the
CFP-MKK7gDPIX mutant failed to show any FRET with
CaNA-YFP and was now clearly present in both the nucleus
and the cytoplasm (Fig. 6B). Quantification of Eeff from
sensitized 3F FRET measurements and independently from
YFP PB measurements of CFP dequenching for multiple cells
both confirmed a lack of FRET between CFP-MKK7gDPIX
and CaNA-YFP (Fig. 6C). Additional measurements of
cytoplasm/nucleus ratios confirmed significantly reduced

localization of MKK7gDPIX in the cytoplasm compared with
MKK7g wild-type and CaN (Fig. 6D). Indeed, the cytoplasm/-
nucleus ratio for CFP-MKK7gDPIXwas∼1.0, indicating equal
distribution between the cytoplasm and nucleus. Thus, the
PIIVIT consensus PxIxIT motif in MKK7g is required for
direct binding to CaNA in the cytoplasm detected as FRET in
living cells (Fig. 6, E and F) and also prevents MKK7g from
localizing more strongly in the nucleus like the MKK7a and b
isoforms, which do not interact directly with CaN.
Next, we used the CaN inhibitor CsA to examine whether

the phosphatase activity of CaN is required for cytoplasmic
retention of MKK7g. However, the treatment of cells coex-
pressing YFP-MKK7g and CaNA-WT-CFP with CsA (Fig. 7A)
did not alter the cytoplasmic/nucleus localization ratios for

Fig. 7. CaN phosphatase activity is not
required to retainMKK7g in the cytoplasm.
Images of fixed COS7 cells expressing YFP-
MKK7g (green) and CaNAWT-CFP (blue)
(A) or CFP-MKK7g (blue) and catalytically
inactive CaNH151A-YFP (green) (B) under
control conditions or after treatment with
the CaN phosphatase inhibitor CsA (1 mM)
as indicated. Themerge panels showoverlap
(turquoise) ofCaNAandMKK7g localization
in the cytoplasm but not the nucleus. Scale
bar, 10 mm. Quantification of cytoplasm/
nucleus fluorescence intensity ratios for
multiple cells showing maintenance of
MKK7g cytoplasmic enrichment [cytoplasm/
nucleus ratios all.1.0 by one-sample t test:
MKK7g+CaNAWT: 1.15 6 0.03, n = 10,
**P = 0.0014; MKK7g+CaNAWT+CsA:
1.17 6 0.06, n = 10, *P = 0.020; MKK7g
+CaNAH151A: 1.12 6 0.03, n = 13, **P =
0.0024; MKK7g+CaNAH151A+CsA: 1.096
0.03 n = 11, **P = 0.0094; but all cytoplasm/
nucleus ratios not different for any pairwise
comparisons, P . 0.05 (n.s.) by one-way
ANOVAwith Bonferroni post hoc correction
for multiple comparisons] (C) and CaNA
cytoplasmic enrichment [cytoplasm/nucleus
ratios.1.0 by one-sample t test; CaNAWT:
1.44 6 0.06, n = 10, ****P , 0.0001;
CaNAWT+CsA: 1.46 6 0.08, n = 10, ***P =
0.0003; CaNAH151A: 1.52 6 0.07, n = 13,
****P, 0.0001; CaNAH151A: 1.456 0.05,
n = 11, ****P, 0.0001; but all cytoplasm/
nucleus ratios are not different for any
pairwise comparisons, P . 0.05 (n.s.) by
one-wayANOVAwith Bonferroni post hoc
correction for multiple comparisons for all
conditions] (D). These cytoplasm/nucleus
ratios in fixed COS7 cells for both MKK7g
and CaNA are somewhat lower than in
live cells (Fig. 5G; Fig. 6F), likely due to
some loss of cytoplasmic fluorescent pro-
tein fluorescence that occurs after fixation
(Schnell et al., 2012).
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either MKK7g (Fig. 7C) or CaNA (Fig. 7D), and both proteins
remained enriched in the cytoplasm relative to the nucleus,
similar to control conditions, as indicated by the cytoplasm/nu-
cleus ratio values, all of which were significantly .1.0. Fur-
thermore, coexpression of a catalytically inactive mutant of
CaN (CaNA-H151A-YFP) with CFP-MKK7g (Fig. 7B) did not
alter the cytoplasm versus nucleus distributions of MKK7g or
CaNA, and additional treatment with CsA also had no effect
(Fig. 7, C and D). Thus, CaN-MKK7g binding, rather than
dephosphorylation, retains MKK7g in the cytoplasm.
Nonetheless, having demonstrated a preferential association

between CaN and MKK7g relative to MKK7b, we next asked
whether CaNmay be more effective at regulating the activity of
MKK7g. MKK7 catalytic activity is governed by the phosphor-
ylation of two residues in its kinase domain: Ser271 and Thr275.
As such, an antibody to phospho-MKK7 (Ser271/Thr275) is a
useful proxy for its activity level. We therefore expressed CaNA
and either YFP-MKK7b1 or YFP-MKK71g in HEK-293FT cells
and treated themwith vehicle or a CaN inhibitor cocktail (2 mM
CsA, 2 mM FK-506) for 30 minutes. IP of MKK7 followed by
immunoblotting for P-MKK7 revealed a significant increase in
P-MKK7g1 signal in response to CaN inhibition (Fig. 8, A and
B). However, no change in the P-MKK7b1 signal was detected.
Overall, these findings highlight a role for CaN in the isoform-
specific regulation of MKK7 activity that is conferred by the
presence of a high-affinity PxIxIT motif in MKK7g1. Having
established isoform-specific regulation of MKK7g phosphoryla-
tion by CaN, we next asked whether CaN interaction with
MKK7g was regulated by intracellular calcium.We treated cells
expressingmyc-CaNA andYFP-MKK7 g with ionomycin (1mM,
3 minutes) and assessed the amount CaNA associated with
MKK7g by co-IP. Consistent with the known Ca21-independent
nature other CaNA-PxIxIT binding interactions (Li et al.,
2011), no significant difference was detected in the amount
of CaNA associated with MKK7 after ionomycin treatment
(Fig. 8, C and D).

JNK signaling regulates important functions in the brain,
including normal neuronal development and apoptotic neuronal
cell death after excitotoxic insults (Davies and Tournier, 2012).
Accordingly, inspection of the Allen Mouse Brain Atlas (Lein
et al., 2007) for in situ hybridization data for MKK7 mRNA
(Mapkk7 gene) using a probe that detects all six isoforms
revealed thatMKK7mRNA is abundantly expressed inmultiple
brain regions (Fig. 9A), including the cerebellum, cortex, and
hippocampus,with particularly high levels in the cerebellumand
hippocampus (Fig. 9B). In the hippocampus, MKK7 mRNA
expression is seen in cell bodies of pyramidal neurons in the
CA1 and CA3 regions and of granule neurons in the dentate
gyrus (Fig. 9, B andC). To assay for the expression of theMKK7g
isoform, we performed qRT-PCRwith g-specific primers on RNA
isolated from mouse cerebellum, cortex, and hippocampus, and
readily detected the expression of MKK7g mRNA at similar
relative levels to the housekeeping control gene GAPDH (Fig.
9D). However, when we performed qRT-PCR on RNA prepared
fromprimary cultures of rat hippocampal neurons and cerebellar
granule neurons, which also contain glial cells, we detected little
or no MKK7g mRNA expression (Fig. 9D). Closer inspection of
in situ hybridization images revealed that MKK7 mRNA also
appeared to be expressed in vascular structures in brain sections
(Fig. 9C). We next performed qRT-PCR analysis of RNA from
cultured rat microvascular endothelial cells and cultured
rVSMCs, and detected MKK7g mRNA expression only in
rVMSCs (Fig. 9D). Thus, the detection of MKK7g mRNA
expression in RNA isolated from the brain is likely due to its
expression in brain vascular smooth muscle cells (VSMCs).
To explore potential interactions between CaN and MKK7-

JNK signaling in VSMCs, we treated cultured rVSMCs with
arginine-vasopressin (AVP), a vasoconstrictive/hypertrophic
agonist of Gq-coupled V1a receptors that stimulate Ca21

mobilization, muscle contraction, and smooth muscle–
specific gene expression through pathways that can involve
both JNK andCaN signaling (Fig. 10A) (Higashita et al., 1997;

Fig. 8. CaN selectively regulates MKK7g phosphorylation state. (A) YFP-MKK7g1 or b1 underwent IP fromHEK-293FT cell lysates, and samples were
immunoblotted (IB) with anti-P-MKK7 to detect phosphorylation at residues Ser271 and Thr275 or anti-GFP to detect total YFP-MKK7 expression.
Coexpression of myc-CaN with YFP-MKK7 was confirmed by immunoblotting of the input cell lysates. (B) Quantification of four independent
experiments, such as in (A), showing the fold change with CaN inhibition for P-MKK7 normalized to total YFP-MKK7 expression. Inhibition of CaN by
CsA and FK-506 significantly increased phosphorylation of MKK7g1 but not of MKK7b1 compared with untreated control conditions [fold change
normalized to untreated controls MKK7g1 1.4 6 0.10; MKK7b1, 1.0 6 0.1, n = 4; *P , 0.05 for MKK7g1 but P . 0.05 (n.s.) for MKK7b1 to 1.0 by one-
sample t test]. (C) Co-IP of myc-CaNA with YFP-MKK7g1 after treatment with ionomycin or vehicle. (D) Quantification of co-IP of CaNA with MKK7g1
revealed no significant impact of elevating intracellular calciumwith ionomycin (0.866 0.05; n = 3 independent experiments; one-sample t test,P. 0.05).
Please note, though not significant, the trend toward reduced interaction between CaNA and MKK7g is likely related to a nonsignificant trend toward
reduced total input levels of myc-CaNA (0.67 6 0.11, P . 0.05) in response to ionomycin in these same experiments.
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Nemenoff, 1998; Garat et al., 2000; Hill-Eubanks et al., 2003;
Kaplan-Albuquerque et al., 2003b; Gonzalez Bosc et al., 2005).
As expected, AVP treatment for 5 minutes increased P-JNK
levels in a dose-dependent manner compared with untreated
control cells (Fig. 10B). Importantly, incubation of rVSMCs
with the CaN phosphatase inhibitor CsA further increased
AVP-stimulated P-JNK levels (Fig. 10B), indicating negative
regulation of the JNK pathway by CaN. This effect of CsA on
JNK signaling in rVSMCs was confirmed and quantified by
JNK IP kinase assays using recombinant glutathione S-
transferase GST-c-jun as a substrate (Fig. 10C). We observed
that CsA 1 AVP led to a significant increase in JNK activity
above those that produced by AVP alone (Fig. 10C). Overall,
these data demonstrate cross talk between CaN and MKK7-
JNK signaling in rVSMCs, where CaN acts as a negative
regulator of the JNK pathway and is consistent with the
physical and functional interaction between MKK7g and CaN
identified above in HEK-293 and COS7 cells.

Discussion
Using a combination of in silico bioinformatics, in vitro bio-

chemical analysis, and FRET imaging in live cells, we success-
fully characterized a novel binding interaction between the g
isoform of the kinase MKK7 and the phosphatase CaN. In
contrast, we found that the MKK7a and b isoforms do not
directly interactwithCaN, although the closely relatedb isoform

may interact indirectly with CaN through other proteins. High-
affinity binding betweenCaNandMKK7g in vitro depended ona
consensus PxIxIT-type docking motif (41PIIVIT46) that is pre-
sent only in the g isoform because of alternative splicing of exon
2 within the N-terminal regulatory domain. Importantly, this
consensus PxIxIT motif was required for direct binding between
CaN and MKK7g detected in the cytoplasm of living cells by
FRET microcopy and prevented MKK7g from localizing more
prominently in the nucleus, like the MKK7a and b isoforms.
Importantly, we also demonstrated that phosphorylation of
MKK7g, but not of MKK7b, is regulated by CaN phosphatase
activity. Finally,we found thatMKK7gwas expressed inVSMCs
where itmaypromotenegative cross-regulation of JNKsignaling
by CaN in response to stimulation of G protein–coupled receptor
signaling by vasoconstrictive/hypertrophic agonists.
Based on peptide competition binding data, the strong

consensus PIIVIT motif in MKK7g binds CaN nearly as well
as PVIVIT and AKAP79 IAIIIT, thus making it one of the
highest-affinity known CaN binding partners. In contrast, the
PTLQLP motif in MKK7b displays little or no direct CaN
binding, thus the observed co-IP of CaN and MKK7b must be
stabilized by indirect interactions with other proteins associ-
ated through the MKK7 N-terminal domain that is not
present in MKK7a. In particular, the MKK7 N-terminal
domain contains multiple JNK binding determinants includ-
ing two LxL sites, 30LNL32 located just N terminal to and
59LQL61 located just C terminal to the strong consensus

Fig. 9. MKK7g mRNA is expressed in the brain and cultured VSMCs, but not in cultured neurons. (A) In situ hybridization detecting the expression of
mRNA for all isoforms of MKK7 in a sagittal section of mouse brain. The cortex (Ctx), cerebellum (Cb), and hippocampus (Hp) are labeled. (B and C)
Enlargements of the hippocampal region from (A) showing the expression of MKK7 mRNA in neuronal cell bodies of the CA1, CA3, and DG regions.
Putative vascular structures (Vasc) expressing MKK7mRNA in the hippocampus are labeled in (C). MKK7mRNA in situ hybridization images in (A–C)
downloaded from the AllenMouse Brain Atlas (open access available from: http://mouse.brain-map.org). (D) Real-time PCR to quantitateMKK7gmRNA
expression relative to GAPDH mRNA expression in mouse (m) cerebellum, cortex, and hippocampus; and in rat cultured hippocampal neurons (rHNs),
cerebellar granule neurons (rCGNs), microvascular endothelial cells (rMVEC), and rVSMCs.
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PIIVIT site in MKK7g (Tournier et al., 1999). In MKK7b, this
second LxL site is actually part of the nonconsensus
41PTLQLP46 site. Thus, JNK binding to the MKK7b/g
N-terminal domain may link MKK7 and CaN to larger JNK
signaling scaffolds, where CaN could interact with upstream
MAPKKKs like ASK1, which can bind to the CaNB subunit
(Liu et al., 2006), and/or scaffolds like JIP1 (Morrison and
Davis, 2003). Alternatively, the close proximity of these JNK
binding LxL sites to PIIVIT site in MKK7g also raises the
possibility of competition between CaN and JNK binding to
MKK7g N-terminal domain. For instance, binding of the
antiapoptotic regulatory protein cellular FLICE-inhibitory
protein to the MKKb/g N terminus competes with JNK
binding (Nakajima et al., 2006). Thus, whether CaN competes
with JNK binding and/or engages in interactions with addi-
tional binding partners in complexes with MKK7b and/or
MKK7g remains to be investigated.

Interestingly, the second LxL JNK binding motif in MKK7g
and b is in the sequence context of LxLP, which is similar to a
secondary CaN binding LxVP motif found in CaN substrates
such as NFAT, the viral CaN inhibitory protein A238L, and
the PKA-RII regulatory subunit (Martinez-Martinez et al.,
2006; Li et al., 2011; Grigoriu et al., 2013). LxVP motifs bind
CaNA, not at the PxIxIT motif-b sheet binding site in the
catalytic domain, but at a site that is overlapping with where
CaN-inhibitory immunosuppressant drug-immunophilin
complexes (i.e., CsA-cyclophilin) bind in the hinge between
the CaNA catalytic domain and C-terminal regulatory do-
main, where CaNB binds (Rodriguez et al., 2009; Grigoriu
et al., 2013). Thus, MKK7g could potentially use both a
consensus PxIxIT motif and an LxVP-related motif to interact
with CaNA, whereas MKK7b could potentially very weakly
bind to CaN using either PTLQLP as a variant of a PxIxIT
motif or LQLP as a variant of the LxVP motif. Consistent with
this possibility, CaNwas recently shown to bind to an LxL JNK
binding motif in the downstream JNK target c-Jun (Goldman
et al., 2014). Such an interaction of the MKK7b LQLP motif at
the CaN LxVP binding site could also explain the sensitivity of
theMKK7b-CaN interaction to competition by PVIVIT, despite
a lack of FRET in cells or of high-affinity direct binding in vitro,
as it is known that at high concentrationsPxIxITmotif peptides
can cross-bind to the LxVP site (Martinez-Martinez et al.,
2006). However, although we found that retention of MKK7g in
the cytoplasm by CaN required its binding to the PxIxIT motif,
inhibition of CaN substrate binding at the LxVP binding site
with the immunosuppressant CsA did not alter MKK7g
localization. Thus, although our results cannot completely rule
out secondary CaNA binding to an LxVP-like motif in MKK7g
or b, they indicate that this site is not essential for interaction
between MKK7g and CaN.
Our data support a model in which CaN binding to MKK7g

in the cytoplasm allows CaN to regulateMKK7-JNK signaling
preferentially in this compartment, as opposed to the nucleus,
where MKK7a and b may play more important roles.
Although the catalytic activity of CaN was not required for
maintaining CaNA and MKK7g in the cytoplasm, CaN was
capable of regulating MKK7g activity through dephosphory-
lation of the Ser and Thr residues in theMKK7 activation loop.
Alternatively, CaN scaffolding to MKK7g may also position it
for dephosphorylation of upstream MAPKKKs on Ser/Thr or
downstream JNKs on Thr in their activation loops. Interest-
ingly, MKK7 is a more specific regulator of JNK than MKK4,
which also has some weak activity toward p38. In addition,
MKK7 preferentially phosphorylates JNK on Thr in the
activation loop compared with MKK4, which phosphorylates
Thr and Tyr more equally (Wang et al., 2007). Importantly,
JNKs are unique within the MAPK superfamily in that they
can be substantially regulated by Thr phosphorylation alone.
Thus, dephosphorylation of either MKK7 Ser/Thr phosphory-
lation or JNK Thr phosphorylation by CaN anchored to
MKK7g would be effective in inhibiting the JNK pathway
activity as we observed in rVSMCs. However, future studies
will need to be undertaken to specifically address the role for
CaN anchoring to MKK7g and its PxIxIT motif in these
different possible mechanisms of JNK regulation in rVSMCs.
Future studies will also need to be undertaken to specifically
address whether cross talk between CaN and MKK7-JNK is
signaling is preferentially directed to the cytoplasm, where
the CaN-MKK7g complex is found in addition to previously

Fig. 10. CaN phosphatase activity inhibits JNK signaling in rVSMCs. (A)
Diagram of potential negative regulation of MKK7-JNK signaling down-
stream of G protein–coupled receptor (GPCR) activation by AVP. (B)
IncubationwithCsA (0.8mM) increases JNK1/2phosphorylation (P-JNK1/2)
in rVSMCs in response to increasing doses of AVP (0.01–1mM, 5minutes) as
indicated. Phospho-JNK was detected by immunoblotting with an antibody
recognizing the dual-Thr/Tyr phosphorylated JNK1/2 activation loop. (C)
CsA (0.8 mM) increases (0.1 mM) AVP-stimulated JNK activity (normalized
to untreated control cells). JNK activity was measured in cell extracts of
rVSMCs using an in vitro IP-kinase assay that monitors 32P transfer to
recombinant GST-c-jun (in counts per minute) from [g-32P]-ATP. Fold-
change normalized to untreated controls: AVP, 1.536 0.10; AVP+CsA, 2.04
6 0.15; n = 3; **P = 0.0075 by paired t test, which is below the Bonferroni-
corrected P value threshold of 0.05/2 = 0.025 for multiple comparisons; #P,
0.05 by one-sample t test to 1.0 indicates significant AVP stimulation of JNK
activity above respective untreated control conditions for both AVP alone
and AVP+CsA.
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described cross talk in the nucleus, where CaN binds to c-Jun
(Goldman et al., 2014).
Regardless of the detailed mechanisms, such cross talk

between CaN and JNK could be very important for the regu-
lation of vascular remodeling during injury and progression of
atherosclerosis where there is important balanced regulation of
VSMC differentiation by growth factors, like platelet-derived
growth factor, and vasoconstrictive agonists, like AVP, between
contractile/smooth muscle and motile/proliferative fibroblast-
like phenotypes (Nemenoff, 1998; Kaplan-Albuquerque et al.,
2003a,b). Importantly, vasoconstrictive agonists, like AVP and
UTP, activate smooth muscle–specific gene expression pro-
grams associated with the contractile phenotype through both
JNK regulation of the transcription factor serum response
factor and CaN activation of NFAT (Nemenoff, 1998; Garat
et al., 2000; Hill-Eubanks et al., 2003; Gonzalez Bosc et al.,
2005). Thus, CaN binding to MKK7g in the cytoplasm could
negatively regulate JNK signaling to serum response factor in
the nucleus both by promoting MKK7 retention in the cyto-
plasm and by inhibiting JNK activation/phosphorylation. How-
ever, JNK itself can act as a negative regulator of CaN-NFAT
signaling in vascular smooth muscle by phosphorylating
NFAT4/c3 in the nucleus to promote export (Gomez et al.,
2003). Thus, CaN negative regulation of MKK7-JNK signaling
may also have positive effects on CaN-NFAT activation in
VSMCs. Needless to stay, numerous exciting possibilities for
cross-regulation of CaN and MKK7-JNK signaling in VSMCs
remain to be explored that could be important for understand-
ing themechanisms of vascular injury/repair both normally and
during vascular disease states.
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