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Mitogen-activated protein kinase-activated protein (MAPKAP) kinase 5 (MK5) deficiency is associated with reduced extracellu-
lar signal-regulated kinase 3 (ERK3) (mitogen-activated protein kinase 6) levels, hence we utilized the MK5 knockout mouse
model to analyze the physiological functions of the ERK3/MK5 signaling module. MK5-deficient mice displayed impaired den-
dritic spine formation in mouse hippocampal neurons in vivo. We performed large-scale interaction screens to understand the
neuronal functions of the ERK3/MK5 pathway and identified septin7 (Sept7) as a novel interacting partner of ERK3. ERK3/MK5/
Sept7 form a ternary complex, which can phosphorylate the Sept7 regulators Binders of Rho GTPases (Borgs). In addition, the
brain-specific nucleotide exchange factor kalirin-7 (Kal7) was identified as an MK5 interaction partner and substrate protein. In
transfected primary neurons, Sept7-dependent dendrite development and spine formation are stimulated by the ERK3/MK5
module. Thus, the regulation of neuronal morphogenesis is proposed as the first physiological function of the ERK3/MK5 signal-
ing module.

Extracellular signal-regulated kinase 3 (ERK3) (mitogen-acti-
vated protein kinase 6 [MAPK6]) and ERK4 (MAPK4) belong

to the group of atypical MAPKs which display a SEG motif in the
activation loop (instead of TEY) and carry a long C-terminal ex-
tension (1, 15, 58). The regulation, substrate specificity, and phys-
iological functions of atypical MAP kinases are not completely
understood (7). The phosphorylation of ERK3 and ERK4 at the
serine residue in their activation loop proceeds through upstream
protein kinase(s), such as the recently identified p21-activated
protein kinases (PAKs) (8, 10), and leads to their activation (6, 9,
37). ERK3 also interacts with the protein phosphatase Cdc14A
and is probably an in vivo substrate for this enzyme (16). The
recent targeted deletion of ERK3 in mouse indicates that this en-
zyme is essential for neonatal survival and critical for the estab-
lishment of fetal growth potential and pulmonary function. The
surviving ERK3-deficient pups show reduced reflexes and dimin-
ished ability to suckle (25). In contrast, the targeted inactivation of
ERK4 in mice does not compromise the embryonic development,
viability, and fertility of these animals and does not exacerbate the
ERK3 phenotype, but it leads to a depression-related behavior in a
forced swimming test (38).

Only one substrate has been described for ERK3 and ERK4 so
far, namely, the MAPK-activated protein (MAPKAP) kinase MK5
(also known as PRAK) (1, 19, 41, 42). MK5 binds to ERK3 and
ERK4 via a novel MAPK interaction motif (2). An increased level
of cytoplasmic ERK3 causes the nuclear-cytoplasmic transloca-
tion of MK5, the formation of ERK3/MK5 signaling complexes,
and the subsequent activation of MK5 by phosphorylation. The
findings that the small interfering RNA (siRNA)-mediated knock-
down of ERK3 reduces intracellular MK5 activity (1) and that the
ERK3 level is reduced in MK5-deficient cells (41) clearly demon-
strate the functional existence of these signaling complexes in vivo.

The phenotype of the targeted deletion of MK5 in mice does not
exactly resemble that of ERK3, but it similarly leads to incomplete
postnatal lethality at postnatal day 1 (P1), which depends in its
severity on the genetic background (41, 44). The transgenic over-
expression of constitutively active MK5 (caMK5) in mice led to
anxiety-related traits and locomotor differences (13).

So far, no downstream targets of the ERK3/MK5 signaling
module have been identified. However, MK5/PRAK has also been
identified as a component of a signaling complex formed with p38
MAPK�/� (34, 46). The p38�/PRAK module is proposed to di-
rectly phosphorylate p53 and to contribute to Ras-induced tumor
suppression and senescence (50). The p38�/PRAK module is ac-
tivated by energy depletion, directly phosphorylates Rheb (Ras
homologue enriched in brain), a key component of the mTORC1
pathway, and inhibits mTORC1 activation (57). In addition, a
p38- and ERK3-independent activation of MK5 by cyclic AMP
(cAMP)-mediated protein kinase A (PKA) stimulation was re-
cently reported (45). Furthermore, MK5/PRAK is involved in reg-
ulating the expression of the oncogenic transcription factor c-myc
at a key position. While being itself a target of transcriptional
activation by c-myc, MK5 phosphorylates the transcription factor
FoxO3a, which activates mir-34b/c induction and c-myc suppres-
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sion, thus forming a feedback loop of the regulation of the intra-
cellular level of c-myc, which is lost in colorectal tumor prolifer-
ation (26).

Septins are an evolutionarily conserved family of cytoskeletal
GTP-binding proteins that assemble into filaments in vitro and in
vivo (33). In the yeast Saccharomyces cerevisiae, septins are in-
volved in the regulation of cytokinesis, and the control of their
phosphorylation state is necessary for proper septum formation
and the completion of cytokinesis (11). Recent mechanistic stud-
ies of septin organization by polarized fluorescence microscopy in
living yeast indicate filament reorganizations which support the
hypothesis of a mechanical function of yeast septins in cell divi-
sion (54).

Mammalian septins appear to form a multifunctional network
of heteropolymers involved in different processes, such as the con-
trol of cell polarity and secretion, cortical organization, and cell
cycle regulation, as well as dendritic spine and cilium formation
(3, 4, 20, 22, 23, 31, 49). They often exist in heterooligomeric
complexes of defined stoichiometry (21). A simple three-compo-
nent septin complex of Sept2, Sept6, and Sept7 is structurally con-
served between mammals and drosophila (47a). The downregu-
lation of Sept2 in mammalian cells by siRNA has recently been
demonstrated to reduce Sept6 and Sept7 as well. Furthermore, the
downregulation of these three mammalian septins resulted in a
lack of chromosome segregation and incomplete cytokinesis, in-
dicating that septins are also essential mitotic components in
mammals (48). The assembly of the septin complexes is often
regulated by Cdc42 effector proteins, such as Binder of Rho
GTPases (Borgs), which also bind to septin GTPases. The ectopic
expression of Borg proteins disrupts septin filaments, and Cdc42
GTPase inhibits this effect by blocking the binding of the Borgs to
Sept7 (18).

It has been shown that the overexpression of Sept7 increased
dendrite branching, and that upon its downregulation dendrite
branching was impaired, indicating the importance of septins in
mammalian hippocampal neurons (51, 55). These findings sup-
port the notion that Sept7, together with other proteins known to
control the morphology of dendritic spines, such as the GDP-
exchange factor kalirin-7 (Kal7) (56), contributes to the func-
tional plasticity of neurons.

MK5 deficiency is associated with reduced ERK3 levels, thus
the MK5 knockout mouse forms the best experimental model to
dissect the functions of the ERK3/MK5 signaling module. Here,
we analyzed brain morphogenesis in MK5-deficient mice and de-
tected significantly reduced dendritic spine formation in the hip-
pocampus. To identify novel downstream targets of the ERK3/
MK5 signaling complex involved in this neuronal phenotype, we
did a large-scale interaction screen using neuronal cDNA expres-
sion libraries. Mammalian Sept7 (Cdc10) was identified as a novel
ERK3 interacting protein by the use of a Ras recruitment system.
In a parallel classical yeast two-hybrid (Y2H) screen, Kal7 was
identified as an interacting protein and in vitro substrate of MK5.
Further evidence is provided that Sept7, ERK3, and MK5 exist in
the same complex and, together with Kal7, are of physiological
relevance in neuronal plasticity by regulating dendritic spine for-
mation.

MATERIALS AND METHODS
Plasmids and antibodies. pECFP, pEGFP, and pEYFP were purchased
from Clontech. pEGFP-ERK3, pDEST27 (for the mammalian expression

of MK5 and ERK3), and pcDNA6/BioEase (for the mammalian expres-
sion of ERK3) were described earlier (41). pEGFP-MK5 was provided by
Ole-Morten Seternes (University of Tromso, Norway). pcDNA3-GFP or
pcDNA3-Flag and pRK5-myc mammalian expression vectors for mouse
Sept7 were provided by Koh-ichi Nagata (Aichi Human Service Center,
Japan). pDEST27-Sept7 was purchased from Invitrogen. pGEX-4T3-
Kal7/SR3-6 and pGEX-4T3-Kal7/SR4-7 were a gift of Betty Eipper (Uni-
versity of Connecticut). Bacterial expression plasmids for Borg1, Borg2,
and Borg3 were a gift from Ian Macara (University of Virginia School of
Medicine).

Anti-green fluorescent protein (anti-GFP) (B-2), anti-glutathione S-
transferase (anti-GST) (B-14), antihemagglutinin (anti-HA) (Y-11), and
anti-myc (9E10) antibodies were purchased from Santa Cruz Biotechnol-
ogy. Antibodies against ERK3 were from Cell Signaling Technology, an-
tibodies against MK5 were from Sigma-Aldrich, and antibodies against
Sept7 were purchased from IBL Japan.

Cloning and site-directed mutagenesis. For the cloning of ERK3CT
into pENTR/D-TOPO (Invitrogen), the open reading frame of mouse
Erk3 cDNA was amplified from the cDNA clones by PCR using the primer
pair 5=-CAC CAG CAT CTA CTC CTT CCC GA-3= (forward) and
5=-TTA GTT CAG ATG TTT CAG AAT GCT GC-3= (reverse). The re-
combination reactions between the entry clone and the pDEST27 and
pcDNA6/BioEase-DEST vectors for GST- and BioEase (BE)-tagged ERK3
expression in mammalian systems were achieved with the LR clonase
kit (Invitrogen). C-terminal deletion mutants of ERK3, ERK3�C1,
ERK3�C2, and ERK3�C3 were generated as described elsewhere (19).

For the cloning of Sept7 and its different deletion mutants into pENTR/
D-TOPO (Invitrogen), the open reading frame of mouse Sept7 cDNA was
amplified from the pCMV-SPORT6-SEPT7(IRAVp968C04100D6-RZPD)
plasmid by PCR using the following primer pairs: for Sept7, 5=-CAC CAT
GTC GGT CAG TGC GAG ATC-3= (forward) and 5=-TTA AAAGAT CTT
GCC TTT CT-3= (reverse); Sept7�C, 5=-CAC CAT GTC GGT CAG TGC
GAG ATC-3= (forward) and 5=-CTT GTT GTT ATC CAC TCC AT-3=
(reverse); Sept7�N, 5=-CAC CTT ATA CTT CAT TGC TCC TTC-3= (for-
ward) and 5=-TTA AAAGAT CTT GCC TTT CT-3= (reverse); and
Sept7�C�N, 5=-CAC CTT ATA CTT CAT TGC TCC TTC-3= (forward)
and 5=-CTT GTT GTT ATC CAC TCC AT-3= (reverse). The recombina-
tion reactions between the entry clone and the pDEST27 and pcDNA6/
BioEase-DEST vectors were performed as described above.

The cloning of ECFP-Sept7 and EYFP-ERK3 was performed by re-
striction-free cloning (53). Sept7 was amplified from pSport6-Sept7 using
the primer set 5=-CGA GCT CAA GCT TCG AAT TCG ATG TCG GTC
AGT GCG AGA TCC-3= (forward) and 5=-TAC CGT CGA CTG CAG
AAT TCT TAA AAG ATC TTG CCT TTC TTC TTG TTC-3= (reverse).
ERK3 was amplified from pDEST27-ERK3 using the primer set 5=-CGA
GCT CAA GCT TCG AAT TCG ATG GCA GAG AAA TTC GAA-3=
(forward) and 5=-TAC CGT CGA CTG CAG AAT TCT TAG TTC AGA
TGT TTC AG-3= (reverse). Amplicons were inserted into the target vector
pECFP-C1 and vector pEYFP-C1 by PCR.

The Kal SR3-6 S487A mutation was generated using the following
primer set: 5=-GTC CTG CAG CGT CCC CTG GCC CCT GGG AAC-3=
(forward) and 5=-ATC CAG CAG TGC TTT CCC ATC CTG GCT GA
C-3= (reverse). Site-directed mutagenesis was performed according to the
Phusion standard protocol (Thermo Scientific). As the template,
pGEX4T3-Kal7/SR3-6 was used in PCR.

Cell culture and transfection. HEK293 cells were cultured in Dulbec-
co’s modified Eagle medium (DMEM) (Invitrogen) containing 10% fetal
calf serum, 2 mM L-glutamine, 100 U of penicillin G/ml, and 100 �g
streptomycin/ml (all purchased from PAA). For transfection, cells were
seeded 24 h earlier to reach approximately 90% confluence. Transfection
was performed using polyethylenimine (PEI; Sigma-Aldrich) at a ratio of
2:1 to the plasmid DNA used, and complex formation was done in Opti-
MEM (Invitrogen). Transfected cells were analyzed between 24 and 48 h
posttransfection. The transfection of primary hippocampal neurons was
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performed according to the standard protocol for the Effectene reagent
(Qiagen).

GST pulldown from lysate of transfected HEK293 cells. A total of
5 � 106 transfected HEK293 cells expressing GST-tagged forms of
ERK3, ERK4, or Sept7 and their different deletion mutants together
with BioEase-tagged forms of wild-type (WT) ERK3, ERK4, and
Sept7�N were washed with ice-cold phosphate-buffered saline (PBS)
and lysed in 1 ml of lysis buffer containing 1% (vol/vol) Triton X-100,
10% (vol/vol) glycerin, 150 mM NaCl, 50 mM HEPES, pH 7.5, 1.5 mM
MgCl2, and 1 mM EGTA for 30 min on ice. After centrifugation
(16,000 � g, 4°C), the supernatant was transferred to a new tube and
incubated with 25 �l of glutathione-Sepharose 4B beads (GE Health-
care) with overnight tumbling at 4°C. Protein interactions were ana-
lyzed by Western blotting using horseradish peroxidase (HRP)-conju-
gated streptavidin (Invitrogen) as described previously (41).

In vitro kinase assays. GST-tagged Borg1 to Borg3 proteins and His-
tagged Sept7�C or Sept7�N were expressed in Escherichia coli BL21. Ki-
nase assays were performed after pulldown using 15 �l of a 50% suspen-
sion of recombinant protein bond to glutathione-Sepharose (Amersham
Biosciences) or nickel-nitrilotriacetic acid (Ni-NTA)-agarose and 2.5 �l
of buffer (500 mM sodium �-glycerophosphate, 1 mM EDTA, pH 7.4),
and recombinant untagged MK5, GST-tagged p38, or His-tagged ERK3
(Sf9 preparation; kind gift of Ole-Morten Seternes) was added in the
desired combinations. For the inhibition of p38 kinase activity, an addi-
tional 10 �M SB203580 (Calbiochem) was used. The reaction mixture was
filled up to a final volume of 20 �l. As a control, 10 �g of substrate
recombinant Hsp25 or myelin basic protein (MBP) (Millipore) was used.
Five �l of hot ATP mixture (20 mM MgCl2, 0.5 mM ATP, 0.1 �l of 1-�Ci
[�-33P]ATP) was added, and the reaction mix was incubated for 1 h at
30°C. Radioactivity incorporated into substrates was quantified by phos-
phorimaging using a Fuji FLA9000.

Ras recruitment system (RRS). The yeast screening system for the
analysis of protein-protein interaction was developed and provided by
Ami Aronheim (The Rappaport Institute, Israel). The method is based on
an inactive cytosolic Ras mutant (lacking the carboxy-terminal CAAX
box), which is fused to the bait protein and unable to bind to the plasma
membrane. The Ras mutant can be activated only if the bait protein in-
teracts with its prey, which is permanently bound to the membrane via
myristylation. Stringency for the survival of yeast cells is achieved by using
a yeast strain, referred to as CDC25-2, carrying a temperature-dependent
active Ras mutant. ERK3 was cloned into p425-Met25-Ras(61)�F bait
vector and stepwise transfected into CDC25-2 yeast cells together with a
mouse brain cDNA library in the pYes-M expression vector. Yeast clones
were amplified in synthetic minimal medium lacking leucine and uracil
(SD�LU medium) but containing glucose for 5 days at 24°C and selected
on SD�LU medium plates (with an additional lack of methionine) with
galactose for a further 4 days at 36°C. Selected yeast clones survive at 36°C
on SD�LU medium with galactose only but not with glucose or additional
methionine. From positive clones, prey plasmid DNA was isolated and
sequenced. For further analysis, resulting cDNA fragments were cloned
into pEGFP vector and used for pulldown interaction experiments.

Yeast two-hybrid screen. A pretransformed mouse brain Match-
maker pACT2-cDNA library (MY4008AH; Clontech) in strain Y187
(MAT�) was mated with pGBKT7-MK5-transformed AH109 (MATa)
and plated on 20 SD�AHLT plates (lacking adenine, histidine, leucine,
and tryptophan). The plates were incubated for 3 to 21 days at 30°C.
About 106 clones were screened. Prey plasmids were isolated and used for
retransformation experiments to confirm bait-prey interactions.

Immunofluorescencemicroscopy.Cellswerefixedwith4%paraform-
aldehyde (PFA) in PBS for 15 min at 4°C and permeabilized with 0.25%
Triton X-100 –PBS for 20 min at room temperature (RT). Blocking was
done using 6% bovine serum albumin (BSA) for 1 h at RT. Anti-HA,
anti-myc, anti-Flag, and anti-septin7 antibodies were used at a 1:200 di-
lution in 1% BSA–PBS for 1 h. Secondary antibodies or Alexa Fluor 488-
conjugated streptavidin (Invitrogen) was used at a 1:500 dilution in 1%

BSA–PBS. Imaging was performed using a Leica TCS SP2 confocal micro-
scope with constant settings.

Fluorescence resonance transfer (FRET) measurements were per-
formed in living HeLa cells by the acceptor photobleaching technique (29)
using a Leica TCS SP2 confocal microscope. The fluorescence of the donor
ECFP-Sept7 was excited at 458 nm and detected between 465 and 500 nm
before and after the bleaching of the acceptor EYFP-ERK3 at 514 nm.
FRET efficiency ranged between 0.05 and 0.95 and was false color coded
across this range.

Isolation and retroviral transduction of primary ERK3/MK5-defi-
cient MEFs. Primary mouse embryonic fibroblasts (MEFs) of ERK3/MK5
double-deficient mice were isolated from embryonic day 13.5 (E13.5)
embryos and immortalized by cotransfection with pSV40Tag encoding
simian virus 40 large T-antigen and pREP8 plasmid (Invitrogen). EcoPack
2-293 cells (Clontech) were used for virus production, and retroviral res-
cue was performed by sequential infection with pMMP-MK5 and
pMMP-ERK3 or of the empty retroviral vector. MEFs were seeded on
glass coverslips and fixed with 4% PFA. The indirect immunostaining of
endogenous Sept7 was performed using polyclonal anti-Sept7 antibody
(IBL Japan) and the corresponding Alexa Fluor 488-conjugated second-
ary antibody.

Isolation of primary hippocampal neurons. Hippocampal neurons
were isolated from E18 BALB/c mice and plated on glass coverslips coated
with 200 �g/ml poly-L-lysine (Sigma-Aldrich). Neuronal cultures were
grown in neurobasal medium (Invitrogen), 2% B27 supplement (Invitro-
gen), 1% N2 supplement (Invitrogen), 2 mM L-glutamine (PAA), 25
�g/ml 7S NGF (Calbiochem), 100 U of penicillin G/ml, and 100 �g strep-
tomycin/ml.

Transfection of primary neurons and Sholl analysis of dendritic
branching. For the determination of dendritic branching after transfec-
tions of ERK3, MK5, and Sept7, primary neurons were cultivated on poly-
L-lysine-coated coverslips. Transfection was done at 5 days of in vitro
culture (DIV5) or DIV10 with pcDNA6/BioEase-ERK3, pcDNA3.1-HA-
MK5, or pRK5-myc-Sept7 by following the standard protocol for the
Effectene reagent (Qiagen). For the visualization of transfected neurons,
pEGFP was cotransfected as well. Seventy-two or 120 h posttransfection,
neuronal cultures were fixed with 4% PFA for 15 min at 4°C. The imaging
of GFP-positive neurons was performed using a Leica TCS SP2 confocal
microscope with constant settings. Generated three-dimensional projec-
tions were analyzed using the ImageJ (NIH, Bethesda, MD) software with
the Sholl analysis plugin (v1.0; University of California, San Diego, CA).

In vivo spine morphology. Brains of adult MK5 knockout and wild-
type animals carrying the Thy1-yellow fluorescent protein (YFP) trans-
gene [breeding with B6.Cg-Tg(Thy1-YFPH)2Jrs/J; Jackson Laboratories]
were fixed in 4% paraformaldehyde overnight, followed by embedding in
4% low-melting-point agarose in PBS. One hundred- to 150-�m vi-
bratome sections were prepared, and confocal images (Leica Sp5II) were
taken for spine number analysis using ImageJ.

Golgi stain of MK5-deficient and wild-type animals was carried out
according to the modified protocol of Heimrich and Frotscher (17).

RESULTS
Impaired spine formation in MK5-deficient neurons in vivo.
We previously showed the strong coexpression of ERK3 and MK5
in embryonic forebrain (19). Both MK5 and ERK3 are also
strongly expressed in the adult mouse brain (27, 38). Erk3�/�

newborn mice that survive neonatal lethality display uncoordi-
nated movements, lack of reflex, diminished ability to suckle, and
other phenotypes often correlated with neuronal dysfunction (25,
52). In addition, transgenic mice expressing a constitutively active
mutant of MK5 develop behavioral abnormalities (13). These ob-
servations suggested a neuronal function for the ERK3/MK5 sig-
naling module. As an initial step to monitor any evident neuronal
abnormality, we compared Golgi-stained hippocampal sections of
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brains of adult MK5-deficient (Mapkapk5tm1Mgl [44]) and WT
animals. Golgi staining is a classical histology technique that al-
lows the detailed visualization of neurons in brain sections (17).
Interestingly, the analysis of dendritic spine numbers by bright-
field microscopy and image analysis reveals a significantly lower
number of dendritic spines in this region in the MK5-deficient
animals (Fig. 1B). Representative images of WT and MK5 knock-
out brains are shown in Fig. 1A.

For an independent verification of these results, we crossed the
MK5-deficient mice with Thy1-YFP transgenic mice that express
YFP at high levels in motor and sensory neurons, as well as subsets
of central neurons (12). In these mice, pyramidal neurons are
selectively labeled in the hippocampus, hence this line provides a
strong and specific Golgi-like vital marker for this neuronal subset
with minimal labeling of nearby axons. Typical YFP-stained den-
drites of these mice (MK5) and those of wild-type mice carrying
only the YFP transgene (WT) are shown in Fig. 1C. Image analysis
demonstrates the significant difference between the genotypes
(Fig. 1D). These results are in line with the Golgi stain and confirm
a role of MK5 in spine formation in vivo.

Identification of novel ERK3 interacting proteins by the RRS.
The dissection of the novel neuronal functions demanded the
identification of ERK3/MK5 interaction partners. Since ERK3
showed intrinsic transactivating properties and, hence, was not
suited to be bait in the classical yeast two-hybrid system, we used
the RRS for screening a mouse brain cDNA library (5). Potential
prey clones (2 � 105) were screened, and eight of the clones iso-
lated showed growth at 36°C under galactose-inducing condi-
tions. Plasmids were rescued, and cDNA inserts representing

Cdc25, ubiquitin-like protein 3, and Sept7 were identified. Mem-
brane-bound nucleotide exchange factor Cdc25 could activate the
yeast Ras independently of the bait protein and was regarded as a
possible false-positive candidate. Nevertheless, the cDNA inserts
of Cdc25, ubiquitin-like protein 3, and Sept7 were recloned into
mammalian expression vectors and analyzed for ERK3 interaction
by pulldown assays. Only Sept7 specifically interacted and copre-
cipitated with ERK3 on par with MK5 (see Fig. S1 in the supple-
mental material).

Verification and characterization of Sept7-ERK3 interac-
tion. A possible neuronal ERK3/MK5-Sept7 signaling module is
interesting, since a critical role for Sept7 in spine morphogenesis
and dendrite development has already been established (51).
Therefore, we further analyzed ERK3-Sept7 interaction in more
detail. To characterize the regions in Sept7 and ERK3 which are
responsible for the interaction, we used appropriate deletion mu-
tants of both proteins (Fig. 2A and FB). The C-terminal part of
Sept7 carrying the variable coiled-coil (CC) domain is necessary
for the binding of ERK3, since its deletion (Sept7�C) completely
abolishes interaction with BioEase (BE)-tagged ERK3 (Fig. 2C).
The C-terminal extension of ERK3 is responsible for Sept7 inter-
action, since sequential deletions of the C-terminal extensions of
ERK3 reduce (ERK3�C1 mutants) or almost completely abolish
(ERK3�C2 and ERK3�C3 mutants) interaction with BE-tagged
Sept7�N (full-length BE-tagged Sept7 is poorly expressed in
HEK293 cells) (Fig. 2D). The binding region for MK5 in ERK3 has
been localized to the FRIEDE motif between amino acids 332 and
342 (2), and the ERK3�C2 mutants of ERK3 (and ERK4) are still
able to bind to MK5 (19, 41). Hence, Sept7 obviously binds to a

FIG 1 Determination of spine numbers for MK5 deficiency in mice in vivo. (A) To visualize hippocampal neurons, Golgi staining was performed with
150-�m vibratome sections of three age-matched WT and MK5�/� mice each. Representative images for each of the animals are shown. (B) Statistical
analysis of spine number from three animals of each genotype by one-tailed t test. The numbers of dendrites analyzed were 78 (WT) and 95 (MK5
knockout). (C) Analysis of dendritic spines from WT and MK5�/� animals expressing neuron-specific Thy1-YFP reporter protein. Representative images
for each of the animals are shown. (D) Statistical analysis of spine number from three animals of each genotype. The numbers of dendrites analyzed were
131 (WT) and 162 (MK5 knockout).
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more C-terminal part of ERK3 (ERK3�C2; amino acids 358 to
720), and the interaction of MK5 and Sept7 with neighboring but
distinct regions in the C terminus of ERK3 might occur.

To further establish the cellular relevance of this interaction
and to exclude nonspecific effects of ectopic coexpression, we also
attempted to detect the interaction of the endogenous proteins by
pulldown with the tagged partner protein. GST-Sept7, but not
GST-Sept7-�C, is able to pull down endogenous ERK3 from ly-
sates of HEK293 cells (Fig. 2E). Similarly, GST-ERK3 is able to
bind endogenous Sept7 from lysates of HEK293 cells (Fig. 2F).
These results confirm the presence of a specific interaction be-
tween both proteins.

Sept7, ERK3, and MK5 colocalize and form a ternary com-
plex in transfected cells. To prove the relevance of the septin7-
ERK3 interaction, we further analyzed the subcellular localization of
both proteins. In HEK293 cells, myc-tagged Sept7 shows a heteroge-
neous filamentary subcellular distribution (Fig. 3A), which partially
colocalizes with endogenous actin structures (not shown). BE-tagged
ERK3 is diffusely distributed in the cytoplasm and nucleus (Fig. 3A).
Interestingly, when myc-Sept7 and BE-ERK3 are coexpressed, both
proteins colocalize in distinct filamentous cytoplasmic structures
(Fig. 3A). Consistently with this, the coexpression of Flag-tagged
Sept7 in HeLa cells changed the uniform cytoplasmic localization of
GFP-ERK3 to a more filamentous pattern (Fig. 3B). To demonstrate

FIG 2 Characterization of the ERK3-Sept7 interaction. (A) Schematic representation of deletion constructs of Sept7 generated for pulldown studies (PR,
proline rich; CC, coiled-coil domain). (B) Scheme representing the ERK3 deletion mutants. The activating phosphorylation site is indicated. (C)
GST-tagged deletion mutants of Sept7, which lack either or both the C and N termini, were used in a GST pulldown (PD) of BE-tagged ERK3. Only Sept7 with
the complete C terminus (CT) can bind to ERK3. IB, immunoblot. SA, streptavidin detection of Bio-Ease tag. (D) Pulldown of BE-tagged Sept7�N with
GST-tagged C-terminal deletion mutants of ERK3. The region of ERK3 between amino acids 358 and 720 (�C2) is essential for effective interaction
with Sept7�N. (E) Pulldown of endogenous ERK3 by overexpressed GST-Sept7, but not by GST-Sept7�C, from lysates of HEK293 cells. (F) Pulldown of
endogenous Sept7 by GST-ERK3 from lysates of HEK293 cells. The level of Sept7 in the pulldown is reduced when GST-ERK3�C3 is used.
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FIG 3 ERK3 acts as a docking platform for Sept7 and MK5. (A) Coexpression of BE-tagged ERK3 with myc-tagged Sept7 leads to the subcellular relocalization
of ERK3 to Sept7 filament in HEK293 cells. (B) Subcellular localization of GFP-ERK3 is altered by the coexpression of Flag-tagged Sept7 in HeLa cells from
uniform cytoplasmic localization to filamentous cytoplasmic structures. GFP transfected with Flag-Sept7 is shown as a control (scale bar, 5 �m). (C) FRET
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the direct interaction of ERK3 and Sept7 in living cells, we then ap-
plied fluorescence resonance transfer (FRET) measurements using
the expression of ECFP-Sept7 and EYFP-ERK3 in HeLa cells. The
measured FRET efficiency, which was determined by the acceptor
photobleaching technique (29) and which is shown in a false-color-
coded manner (FRET eff in Fig. 3C), displays significant local values
(red) and clearly demonstrates short-range interaction between
ERK3 and Sept7.

Because of the possibility that ERK3 acts as a docking platform
for both MK5 and Sept7 in parallel, we analyzed the localization of
HA-MK5 and myc-Sept7 in the absence and presence of ERK3.
When coexpressed with myc-Sept7 alone, HA-MK5 displays ex-
clusive nuclear localization distinctly from the mainly cytoplasmic
structures of myc-Sept7 (Fig. 3D). Interestingly, the coexpression
of BE-ERK3 induces the colocalization of myc-Sept7 and HA-
MK5 in filamentous cytoplasmic structures (Fig. 3D), indicating
that MK5 and Sept7 can bind to ERK3 simultaneously and that
this is the mechanism by which ERK3 targets MK5 to Sept7-con-
taining filamentous cytoplasmic structures. To prove the direct
interaction of all three proteins in a ternary complex, we per-
formed the GST-MK5 pulldown of GFP-Sept7 in the absence and
presence of His-ERK3. As a positive control, we applied the MK5
pulldown of GFP-tagged ERK3, which is efficiently enriched in the
GST-MK5 pulldown fraction (Fig. 3E). However, GFP-Sept7 does
not directly bind to GST-MK5 and is copurified in the pulldown
only in the presence of ERK3. This experiment supports the no-
tion that ERK3 acts as an adaptor or a docking platform for Sept7
and MK5.

ERK3 and MK5 reorganize endogenous Sept7. To demon-
strate the role of ERK3/MK5 in the structural organization of sep-
tins, we analyzed endogenous Sept7 distribution in ERK3/MK5
double-deficient MEFs by immunocytochemistry. In these cells,
Sept7 filament structure is weaker than that of double-deficient
MEFs rescued with expression constructs of MK5 and ERK3 (Fig.
3F). Apparently, the rescue leads to a redistribution of endoge-
nous Sept7 to more filamentous structures. Categorizing Sept7
filament structure into groups of weak, moderate, and strong fil-
ament formation for 100 cells in triplicate shows a significant shift
to more filamentous structures in the presence of ERK3/MK5
(Fig. 3G). These results indicate a distinct role of the Sept7/ERK3/
MK5 complex in the cellular context.

Identification of Kal7 as a novel interaction partner of MK5.
To identify further proteins interacting with the ternary ERK3/
MK5/Sept7 complex and decipher the neuronal signaling net-
work, we applied a classical Y2H screen using MK5 as the bait and
screened a mouse brain cDNA library (MY4008AH; Clontech).
Interestingly, among other positive clones coding for ATPase sub-
unit beta-1 (ATP1b1) and cell division cycle and apoptosis regu-
lator protein 1 (Ccar1), we also identified the GDP exchange fac-

tor Kal7 and Septin 8 (Sept8) as proteins which specifically
interact with MK5 but not with the related protein kinase MK2
(Fig. 4A and data not shown). Kal7 was previously shown to stim-
ulate spine formation and maturation (36). It is a large multido-
main protein of 1,663 amino acids. The MK5-interacting frag-
ment (amino acids 588 to 946) isolated in the screen belongs to a
region of nine distinct spectrin-like repeats (SR) (Fig. 4B). We
verified interaction between MK5 and Kal7 by the copurification
of endogenous MK5 in a GST pulldown from lysates of HEK293
cells with 10 �g recombinant GST fusion protein of Kal7 spectrin-
like repeat SR4-7 (amino acids 517 to 976) and SR3-6 (amino
acids 416 to 870), respectively. Both Kal7 fragments were able to
bind endogenous MK5 in this pulldown (Fig. 4D), indicating that
MK5 binds to the overlap containing SR4-6. To further demon-
strate the in vivo relevance of the interaction between MK5 and
Kal7, we expressed HA-tagged MK5 and myc-tagged Kal7 in
HEK293 cells and analyzed their colocalization. MK5 and Kal7
show partial colocalization in the cytoplasmic compartment (Fig.
4C). In addition, the colocalization of both proteins in the cyto-
plasmic, perinuclear region is significantly increased when ERK3
is coexpressed together with the two proteins (data not shown).

Regulators of septin filaments and spine morphology can act
as the substrates for the ERK3/MK5 complex. Using in vitro ki-
nase assays with recombinant Sept7�N and Sept7�C, we could
not detect any significant Sept7 phosphorylation by recombinant
MK5 or ERK3 (see Fig. S2 in the supplemental material). There-
fore, we asked whether other Sept7-interacting proteins which are
involved in the regulation of filament structures could act as sub-
strates of the ERK3/MK5 complex. A Sept6/7-specific regulator of
filament assembly is Borg3, which, similarly to Borg1 and Borg2,
binds to the septin GTPase domain (18, 43). We expressed recom-
binant GST-tagged Borg1 to Borg3 in E. coli and tested these pro-
teins as substrates for ERK3 and MK5 in an in vitro kinase assay
(Fig. 5A). Recombinant baculovirus-expressed 6�His-ERK3 pos-
sesses intrinsic activity and can efficiently phosphorylate Borg1,
Borg2, and, to a lesser extent, Borg3 (Fig. 5A, middle). As a posi-
tive control for ERK3 catalytic activity, the pan-MAPK substrate
MBP was employed (58). Using p38-activated GST-MK5 in the
kinase assay, Borg2 could be phosphorylated in vitro with effi-
ciency comparable to that of the known in vitro substrate Hsp25.
Borg3 is also phosphorylated by MK5, albeit with lower efficiency
(Fig. 5A, right).

We then tested whether Kal7 is phosphorylated by MK5. Inter-
estingly, Kal7 was previously described as a substrate for caMKII,
a protein kinase belonging to the same family as MK5 (56). In vitro
phosphorylation assays revealed that a Kal7 fragment containing
SR3-6, but not the fragment with SR4-7, is strongly phosphory-
lated in the presence of MK5 and its in vitro activator p38 MAPK�
(Fig. 5C), indicating that the phosphorylation site for MK5 is lo-

measurements of the interaction of ECFP-Sept7 and EYFP-ERK3 in living HeLa cells by acceptor photobleaching. FRET efficiency (FRET Eff) is calculated from
the donor fluorescence before (D pre) and after bleaching of the acceptor (D post) using the equation FRET Eff � 1 (D pre/D post), and results are shown by false
color coding. The fluorescence of the donor and the acceptor (A) before and after bleaching are shown separately. (D) MK5 can bind to Sept7-bound ERK3 and
relocalize to Sept7 filamentous structures (scale bar, 5 �m). (E) MK5 interaction with Sept7 is bridged by ERK3 binding. GST pulldown assay with GST-MK5 in
HEK293 cells showed copurification of GFP-Sept7 only if ERK3 was also coexpressed. (F) Endogenous Sept7 filaments are less organized in ERK3/MK5
double-knockout MEFs. ERK3/MK5 knockout MEFs retrovirally rescued with ERK3 and MK5 (pMMP-MK5/pMMP-ERK3) showed a higher complexity of
Sept7-containing filaments than the empty vector-transduced cells (pMMP). (G) Categorization of septin filament complexity performed for 100 of the
differentially transduced cells in triplicate (standard deviations are indicated) into groups of weak, moderate, or strong filament organization. ERK3/MK5
retrovirally rescued cells showed a significantly higher number of moderate and strong septin filament-containing cells and a significantly lower number of cells
displaying weak septin organization (one-tailed t test).
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cated in SR3. SR3 contains an ideal consensus phosphorylation
motif for MK5 (Fig. 5B) between amino acids 482 and 488. The
mutation of S487 to alanine completely abolished the in vitro
phosphorylation of SR3-6 by MK5 (SR3-6 S487A in Fig. 5C),
demonstrating that S487 is the only phosphorylation site for MK5
in spectrin-like repeats 3 to 6. Incidentally, Kal7 S487 phosphor-
ylation has already been detected by mass spectrometry in mouse
brain extracts (14, 24). This phosphorylation site is located within
an intramolecular PXXP ligand of the SH3 domain of kalirin and
is proposed to stimulate guanosine nucleotide exchange factor
(GEF) activity by preventing intramolecular SH3-PXXP interac-
tion (40). This indicates a role for the ERK3/MK5 complex in Kal7
regulation.

Sept7-dependent enhancement of dendritic complexity and
spine formation in ex vivo-cultured primary hippocampal neu-
rons by ERK3/MK5. Sept7 was found in postsynaptic density frac-
tions of the brain (35) and is localized at the base of dendritic

protrusions and at dendritic branch points in cultured hippocam-
pal neurons (51, 55). Interestingly, the overexpression of Sept7
increased dendrite branching to a certain degree, and more im-
portantly, the knockdown of Sept7 led to a greater proportion of
immature dendritic protrusions and impaired dendritic branch-
ing (51, 55). To directly analyze the effect of the ERK3/MK5/Sept7
module in neuronal morphogenesis, we decided to perform dual-
overexpression studies in mouse hippocampal neurons. Neurons
were isolated from embryonic day 18 BALB/c mice (E18.5) and
cultivated on coated glass coverslips. After 5 days of in vitro culture
cells were transfected with pcDNA6/BioEase-ERK3, pcDNA3.1-
HA-MK5, or pRK5-myc-Sept7 together with pEGFP to enable the
visualization of transfected neurons. For the initial analysis of
neuronal morphology, transfected cells were analyzed 3 days later
(5 	 3DIV) for dendrite number and branching. The overall com-
plexity of statistically relevant, selected neurons transfected with
pEGFP alone (CTRL) or with pRK5-myc-Sept7/pEGFP only

FIG 4 Identification and characterization of Kal7 as a novel MK5 interaction partner. (A) Identification of RhoGEF kalirin-7 (Kal7) as an MK5 interacting
protein in a classical Y2H screen. pGBKT7-MK5 was used as bait for the screening of a brain cDNA library (Clontech). A cDNA clone expressing a 353-amino-
acid fragment of Kal7 specifically interacts with MK5 but not with the related protein kinase MK2 or the empty bait vector. (B) Schematic representation of the
domain structure and the MK5 interacting region of mouse Kal7 (DH, Dbl homology; GEF, guanosine nucleotide exchange factor; PH, pleckstrin homology;
PDZ, PDZ binding motif [Ser-Thr-Tyr-Val]; sec14p, domain binding PIP2 [3, 5] and PIP3; and SR, spectrin-like repeat). (C) myc-Kal7 and HA-MK5 were
coexpressed in HEK293 cells and analyzed by immunofluorescence. DAPI staining shows the nuclei in blue. (D) Pulldown of endogenous MK5 from HEK293
cells using GST-tagged fragments of Kal7 spanning spectrin-like repeats 3 to 6 or 4 to 7.
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(Sept7) or together with pcDNA6/BioEase-ERK3 and pcDNA3.1-
HA-MK5 (ERK3/MK5/Sept7) was analyzed by fluorescence mi-
croscopy and is shown in Fig. 6A. While septin7 alone does not
significantly increase neuronal complexity, the coexpression of
ERK3/MK5 leads to obviously more complex neurons possessing
more dendrites with apparently more branches. Sholl analysis
counts the number of intersections made by dendrites with con-
centric circles of increasing distance from the cell body, reflecting
both dendrite numbers and intersections and thus representing a
very sensitive and objective measure (47). We employed this anal-
ysis on a statistically relevant number of each set of differentially
transfected neurons. The expression of Sept7, MK5, ERK3, or
ERK3/MK5 together only with the enhanced GFP (EGFP) con-
struct does not lead to an increase in the Sholl index (Fig. 6B).
However, MK5 and ERK3 lead to a highly significant increase in
Sholl intersections of the transfected neurons at all distances from
the soma when coexpressed with Sept7 (n � 16). These data
clearly indicate a ERK3/MK5-dependent septin7 function in the
regulation of neuronal morphogenesis.

Since septin7 has also been described to alter dendritic spine
morphology (55) and MK5 deficiency was associated with re-
duced spine numbers in vivo, we analyzed spine numbers in the
differently transfected neurons in detail. The number of spines
displays a significant increase only in ERK3/MK5/Sept7-express-

ing dendrites (Fig. 6C). We extended the analysis to cover later
stages of neuronal differentiation by transfecting primary neurons
at DIV10 and inspecting morphology at DIV15 (Fig. 6D). In cells
expressing only Sept7, dendritic complexity and spine formation
is rather low and does not significantly differ from that of control
cells (not shown). Again, the expression of Sept7 together with
ERK3 and MK5 (ERK3/MK5/Sept7) leads to dramatically in-
creased dendritic complexity. In addition, spine formation is sig-
nificantly increased in number and size in these cells (Fig. 6D,
insets). These results support the notion that the ERK3/MK5 com-
plex modulates dendritic complexity and spine formation via sep-
tin-dependent processes.

DISCUSSION

We observed the impaired spine formation of hippocampal neu-
rons in vivo in mice lacking MK5 and also displaying reduced
levels of ERK3 (41, 44). This could explain the complex behavioral
phenotypes associated with ERK3 deficiency and caMK5 trans-
genic mouse models. In search of neurologically relevant players
associated with the ERK3/MK5 signaling module, we identified
Sept7 and Kal7 as novel interacting partners of ERK3 and MK5,
respectively. Sept7 is a characteristic member of the GTP-binding
septin family that is involved in various structural remodelling
processes of the eukaryotic cells, ranging from the budding of

FIG 5 Borg1 to Borg3 and Kal7 as in vitro substrates of ERK3 and MK5. (A) In vitro phosphorylation of Borg1, Borg2, and Borg3 by ERK3 and MK5.
Recombinant GST-tagged Borg1, Borg2, and Borg3 were expressed in E. coli and used for in vitro kinase assays with Sf9-expressed, active His-ERK3 or with E.
coli-expressed, p38-activated GST-MK5. Incorporated phosphate from [�-33P]ATP was detected by phosphorimaging. As positive controls, the known ERK3
substrate myelin basic protein (MBP) and the known MK5 substrate heat shock protein beta-1 (Hspb1; Hsp25) were used. ERK3 phosphorylates all Borg
proteins, especially Borg1 and Borg2, whereas MK5 preferentially phosphorylates Borg2. This correlates with the existence of phosphorylation site consensus
motifs identified in these proteins. (B) Alignment of MK5 consensus phosphorylation motif in Kal7 to that in the in vitro substrate Hspb1. Kal7-S 487 is located
in an ideal MK5 consensus motif, LXRXXS*, and a putative SH3-binding PXS*P motif. (C) Identification of the MK5 phosphorylation site in Kal7. The fragment
SR3-6, but not the mutated fragment SR3-6-S487A, is phosphorylated by MK5. Phosphorylation was detected by 32P incorporation and phosphorimaging.
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yeast to cilium and dendritic spine formation in mammalian cells
(4). Kal7 is a GDP exchange factor regulated by phosphorylation,
and it contributes to the functional plasticity of neurons (36, 56).
While Kal7 is directly phosphorylated by MK5 in vitro, Sept7 does
not act as a direct ERK3 or MK5 substrate. However, the physical
interaction of the ERK3/MK5 module with Sept7 could bring this
complex closer to septin filaments and potential other substrates
interacting with these filaments. Accordingly, we could demon-

strate that the septin-interacting and -regulating Borg proteins
(Borg1 to Borg3) are direct substrates for ERK3 and MK5 in vitro.
Viewed together, these results strongly suggest a complex role of
the ERK3/MK5 signaling module in the regulation of neuronal
cytoskeleton and dendritic spine formation. We also identified
Sept8 as an interaction partner for MK5. Recently, it has been
shown that Sept7 can form dimers and trimers consisting of
Sept7/Sept8, Sept2/Sept8/Sept7, and Sept5/Sept8/Sept7 (39). This
raises the possibility that ERK3, which binds Sept7, and MK5,
which binds Sept8, cooperate in their binding to specific heterodi-
meric and trimeric Sept7/8-containing complexes.

Using transfected primary neurons, we demonstrated a Sept7-
dependent function of the ERK3/MK5 module in neuronal mor-
phology, dendrite outgrowth, and spine formation. This finding is
in agreement with the prominent role of Sept7 in neuronal mor-
phogenesis (51, 55) and adds a new level of regulation by the
ERK3/MK5 module. The effects of ERK3/MK5/Sept7 on neuronal
morphogenesis observed are complex and quantified by dendrite
number, number of branches, and spine density. However, we
also have the impression that the dendritic shafts are significantly
thicker, and that many of the spines are rather compact and also
could result from incomplete branching. This could be due to
overexpression effects, which disturb the homeostasis of morpho-
genesis, or could represent other unknown functions of septins in
neurons. So far, we are not able to demonstrate a direct involve-
ment of the phosphorylation of Kal7 or Borg1 to Borg3 by ERK3/
MK5 in the Sept7-dependent effects. This requires further detailed
analysis using phosphorylation mutants of these proteins or the
combination of overexpression of ERK3/MK5/Sept7 with the
knockdown of Kal7 and/or Borg proteins in primary neurons.

The function of the ERK3/MK5-Sept7 signaling module in
spine morphogenesis could explain the diminished spine num-
bers in the MK5-deficient mice. Thus, the in vitro transfection
studies perfectly complement the in vivo phenotype. Sept7 stain-
ing in the neurons from MK5 knockout animals did not show
significant differences (data not shown). However, it could well be
that the impairment in the formation of novel septin filaments
leads to decreased numbers of spines with similar steady-state
morphology and septin content. There could be other players in-
volved or changes in the septin interactome induced by ERK3/
MK5 signaling. Although the data presented here clearly demon-
strate that Sept7 needs to be present to produce the ERK3/MK5-
dependent morphological effects, we cannot exclude that Borg1 to
Borg3, Kal7, or further unknown substrates are also involved. To
this end, it is interesting that in mouse brain the extensive phos-
phorylation of Kal7 in the spectrin-like repeat region, including
the MK5 site S487 identified here, has been demonstrated recently
(24). Furthermore, kalirin knockout mice display decreased hip-
pocampal spine density (30), and the overexpression of Kal7 in-
duces spine enlargement (56), supporting the notion of a contri-
bution of Kal7 in spine formation (Fig. 7).

The impaired generation of neuronal structures and reduced
neuronal plasticity may have dramatic consequences in embry-
onic development, and it could explain the poorly understood
perinatal and embryonic lethality displayed by ERK3 and MK5
knockout mice, respectively (25, 41). For ERK3 knockout mice,
the perinatal lethality is due to acute respiratory failure within
minutes of birth, although these animals display normal lung-
branching morphogenesis. Also, the in utero administration of
glucocorticoid promoted fetal lung maturity but failed to rescue

FIG 6 Sept7-dependent stimulation of dendritic outgrowth and increased
spine number by overexpression of the ERK3/MK5 complex in primary hip-
pocampal neurons. Primary neurons were isolated at embryonic day 18.
Transfection was carried out with BE-tagged ERK3, HA-tagged MK5, myc-
tagged Sept7, or their combinations together with pEGFP at DIV5 (A to C) or
DIV10 (D). Seventy-two (A to C) or 120 (D) h posttransfection, cells were
fixed and analyzed using confocal microscopy. (A) Representative images of
statistically relevant neurons overexpressing GFP (CTRL), Sept7, or a combi-
nation of ERK3, MK5, and Sept7 (scale bar, 50 �m). (B) Sholl analysis of
neurons differently transfected with the constructs coding for the indicated
proteins and EGFP. (C) Qualitative analysis of dendritic spine morphology
from the experiment shown in panel B. (D) Representative images of primary
neurons expressing EGFP and Sept7 or ERK3/MK5/Sept7, respectively (scale
bar, 50 �m). Insets display spine morphology.
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the lethal phenotype of this mouse strain (25). One can speculate
that respiratory rhythm-generating neurons residing within the
hindbrain are impaired in their functional cooperativity by the
reduced ability to form dendrites and spines. A similar scenario in
other specific brain regions could explain the enigmatic embry-
onic lethality with incomplete penetrance seen in MK5-deficient
mice when backcrossed to the C57BL/6J strain, which does not
correlate with any morphological and histological abnormalities
in peripheral tissues (41). Furthermore, lower neuronal complex-
ity in the hippocampus, as detected for spines in MK5-deficient
mice, could cause deficiency in long-term memory and, especially,
disoriented behavior and impaired place navigation (32), as occa-
sionally observed by us with this strain (A. Kotlyarov and T. Yak-
ovleva, unpublished data).

Besides the ERK3/MK5 complex, a similar functional interac-
tion has been demonstrated between ERK4 and MK5 (1, 19). Al-
though the C-terminal extension of ERK4 (amino acids 312 to
583) is significantly shorter than the C terminus of ERK3 (amino
acids 316 to 720) and displays sequence similarities to ERK3 only
in the region between amino acids 312 and 462, the first pulldown
experiments demonstrated an interaction between ERK4 and
Sept7 (S. Kant, unpublished data). This indicates that the septin
interaction domain of ERK3 is located between 358 and 481 (the
residue homologous to amino acid 462 in ERK4). Extending the
functional Sept7 experiments to ERK4 is interesting, since ERK4 is
also highly expressed in brain, and its deficiency is associated with
depression-related behavior in mice (38). A common MK5/sep-
tin-dependent neuronal signaling module associated with the dif-
ferential expression of the kinases in neuronal cells could explain
nonredundant neuronal function and the difference between the
phenotypes of the ERK3 and ERK4 knockout mice (38).

Phosphorylation by caMKII and the translocation of the brain-
specific neuronal guanine nucleotide exchange factor and novel
MK5 interactor Kal7 from dendrite shafts into nearby spines leads

to the activation of the Rac1 target PAK in spines (28). Interest-
ingly, members of the PAK family of protein kinases have recently
been identified as activators for ERK3 and ERK4, which phos-
phorylate serines 189 and 186 within the atypical activation loop
motif SEG of ERK3 and ERK4, respectively. Hence, the Kal7-me-
diated PAK-dependent activation of the ERK3/MK5 module
could further stimulate the Sept7-dependent remodelling of sep-
tin filaments. The subsequent phosphorylation of Kal7 by MK5
could represent a feed-forward control of this activation process
by the stimulation of its GEF activity for Rac1 (Fig. 7).

While various functions of the p38/MK5 (p38/PRAK) module
have been described, ranging from oncogenesis and senescence
(50) to metabolic restriction (57), the physiological function of
the well-characterized ERK3/MK5 complex was enigmatic until
recently. By analyzing the neuronal morphology in MK5-deficient
mice and complementing it with large-scale screening methodol-
ogies and in vitro neuronal culture manipulations, we describe a
novel role for the ERK3/MK5 signaling module in the Sept7-de-
pendent regulation of neuronal morphogenesis. This function
might explain the pleiotropic behavioral and developmental phe-
notypes of the ERK3 and MK5 knockout mice and could be of
relevance to other septin-dependent processes in mammalian
cells.
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