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Nuclear Dbf2p-related (NDR) kinases and associated proteins are recognized as a conserved network that regulates eukaryotic
cell polarity. NDR kinases require association with MOB adaptor proteins and phosphorylation of two conserved residues in the
activation segment and hydrophobic motif for activity and function. We demonstrate that the Neurospora crassa NDR kinase
COT1 forms inactive dimers via a conserved N-terminal extension, which is also required for the interaction of the kinase with
MOB2 to generate heterocomplexes with basal activity. Basal kinase activity also requires autophosphorylation of the COT1-
MOB2 complex in the activation segment, while hydrophobic motif phosphorylation of COT1 by the germinal center kinase
POD6 fully activates COT1 through induction of a conformational change. Hydrophobic motif phosphorylation is also required
for plasma membrane association of the COT1-MOB2 complex. MOB2 further restricts the membrane-associated kinase com-
plex to the hyphal apex to promote polar cell growth. These data support an integrated mechanism of NDR kinase regulation in
vivo, in which kinase activation and cellular localization of COT1 are coordinated by dual phosphorylation and interaction with
MOB2.

Nuclear Dbf2p-related (NDR) kinases represent a subfamily of
AGC (protein kinase A [PKA], PKG, and PKC-like) kinases.

These kinases share structural similarities and require (auto)
phosphorylation of a conserved Ser/Thr residue within the activa-
tion segment of the kinase domain for their activity. Phosphory-
lation of the activation segment leads to conformational changes
that are required for basal enzymatic activity (31, 42, 45). Activa-
tion of AGC kinases also requires a second phosphorylation event
or the permanent presence of an acidic residue in a hydrophobic
motif that is located 45 to 60 residues C-terminal of the catalytic
kinase domain in addition to phosphorylation of the activation
loop (7, 33, 34). Germinal center (GC) kinases, a subfamily of
Ste20-type kinases (10, 47), are involved in phosphorylation of
this hydrophobic motif (9, 12, 26, 55, 57, 64). The phosphorylated
motif interacts with a hydrophobic pocket in the N-terminal lobe
of the kinase domain and induces/stabilizes the reconfiguration of
the bilobal kinase structure (6, 13, 16, 60). Thus, both the phos-
phorylated activation segment and the phosphorylated hydro-
phobic motif are required for achieving the active conformation
of the kinase (31, 42, 45, 64). Nevertheless, the chronology of these
two phosphorylation events depends on the specific kinase, and
either phosphorylation of the activation loop or hydrophobic mo-
tif phosphorylation can occur as the first step of kinase activation
(4, 18, 54, 56).

Most AGC kinases contain functional domains other than the
kinase core that are involved in regulating kinase activity and in
vivo function. Important for NDR kinases are MOB coactivator
proteins, which bind to the conserved N terminus of these kinases
and are involved in their initial activation, presumably by promot-
ing autophosphorylation of their activation segment (23, 27, 36,
37, 59). However, the detailed function of MOB in the initial ac-
tivation step and the hierarchy of the MOB interaction with and
autophosphorylation of the NDR kinase have not been clearly
defined. Furthermore, phosphorylation of MOB1 by the up-
stream-acting GC kinase is important for promoting the MOB1-

NDR interaction and kinase activation (26, 49, 59), yet this has not
been shown for the interaction of an NDR kinase with MOB2-type
adaptors, and the general nature of this activation mechanism is
currently unclear. An additional complication arises from the
finding that phosphorylation of the activation loop is critical for
kinase activity but is only partially required for in vivo function,
while phosphorylation of the C-terminal hydrophobic motif is
essential in vivo but is not required for basal kinase activity (28, 30,
38, 64). Thus, it has not been resolved how these critical phospho
residues coordinate kinase activity with MOB2 interaction and
how these events are coordinated in vivo. Intriguingly, it has been
shown that targeting of the kinase complex to the membrane by
addition of a palmitoylation or myristoylation motif to either the
NDR kinase or the MOB coadaptor increases NDR activity and
phosphorylation status (23, 27, 38), but the mechanism of mem-
brane targeting of NDR kinases and its relation with kinase acti-
vation is not understood.

The NDR kinase COT1 of the ascomycete Neurospora crassa is
the founding member of this kinase family and is regulated by the
GC kinase POD6 and two interacting MOB2-type proteins (37,
39, 52, 53, 62). COT1, POD6, and MOB2A/MOB2B are required
for polar cell elongation but not for the establishment of polarity
per se. Strains with mutations in these central COT1 complex
components are viable and display hyperbranched cell growth,
indicating that the COT1 pathway is essential for hyphal tip ex-
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tension and is required to restrict excessive branch initiation in
subapical regions of the cell. A similar branching and growth ter-
mination phenotype has been observed in neuronal cells of NDR
kinase mutants (11, 12, 17, 19, 63), suggesting an evolutionarily
conserved function of NDR kinases in the formation of branched
cellular structures. Ser417 and Thr589 in the activation loop and
hydrophobic motif of COT1, respectively, are two key regulatory
phosphorylation sites that regulate polar growth and hyphal
branch initiation by altering cell wall integrity and actin organiza-
tion (38, 64). The interaction of COT1 with the two MOB2 pro-
teins and activation of kinase activity require a conserved region
directly preceding the kinase domain of COT1, which is sufficient
for the formation of COT1-MOB2 heterodimers but is also nec-
essary for kinase homodimerization (37). An additional, glu-
tamine-rich N-terminal extension that is poorly conserved, but
present in most fungal NDR kinases, is required for further stabi-
lization of both types of interactions and for stimulating COT1
activity (37). COT1 lacking this region is degraded in a mob-2
background, suggesting that monomeric COT1 is unstable. Here,
we dissect the mechanisms of COT1 autophosphorylation and
hydrophobic motif phosphorylation and provide a multistep
model for coordinating activation of COT1 with targeting of the
kinase to the apex of the highly polar hyphal tip. Our results also
help to explain the available data on the regulation of NDR kinases
in other organisms.

MATERIALS AND METHODS
Strains, growth conditions, and microscopy. Strains used in this study
are listed in Table 1 (see also reference 40). General genetic procedures
and media used in the handling of N. crassa are available through the
Fungal Genetic Stock Center (FGSC; www.fgsc.net). Growth rates of fun-
gal strains were determined by measuring radii of colonies on agar plates,
starting with a well-established colony to exclude the lag phase of germi-
nation and the initial slow-growth phase of a developing colony.

Low-magnification documentation of fungal hyphae or colonies was
performed with an SZX16 stereomicroscope equipped with a Colorview
III camera and CellD imaging software (Olympus). Images were further
processed using Photoshop CS2 (Adobe). Fluorescence microscopy was
performed as described previously (1, 32). Strains were grown on Vogel’s
minimal medium plates for 1 to 2 days. The plasma membrane and the
Spitzenkörper structure were stained with FM4-64 (1 �g/ml). An inverted
Axio Observer Z1 microscope (Zeiss) equipped with a QuantEM 512SC
camera (Photometrics) and Slidebook 5.0 software (Intelligent Imaging
Innovations) were used for image acquisition.

Plasmid construction and fungal expression of tagged proteins. To
generate the hemagglutinin (HA)-pod-6 fusion construct, the cosmid
X1F7 (52) was used to amplify the 5= region of pod-6 with the primers
5=-TTA CAT ATG ACT CTT ACA AGA CCA CGA GTT CC-3= and 5=-
ACC GGC GTA GTC GGG CAC GTC GTA GGG GTA GGA AGC GTA
ATC AGG ACA TCG TAA GGG TAC GCC ATG TTT GCT GAC TGC
CCC CGC-3=, which contain a partial sequence of the future 3� HA tag.
The pod-6 gene was amplified using the primers 5=-ACC GGC GTA GTC
GGG CAC GTC GTA GGG GTA GGA AGC GTA ATC AGG ACA TCG
TAA GGG TAC GCC ATG TTT GCT GAC TGC CCC CGC-3= (encom-
passing the second part of the HA tag) and 5=-TAT CAT ATG CTA CCT
CCC TCA GAC ACT CGT G-3=. The amplified 5= and pod-6 regions were
fused via PCR by their partial overlapping HA tag sequence, generating
the HA-pod-6 replacement cassette with NdeI restrictions sites at each
end. The HA-pod-6 replacement cassette was excised with NdeI and trans-
formed into a pod-6(ts); �mus52::bar; his-3 strain. Transformants were
screened for growth at 37°C and expression of HA-tagged POD6. Positive
clones were backcrossed to obtain the tagged pod-6 allele in a his-3 back-
ground lacking the �mus52::bar marker. Proper integration of the HA-

pod-6 cassette at the endogenous locus was verified by Southern blot anal-
ysis.

The consensus motif for N-terminal palmitoylation (pm; M-G-C-X-
X-S-A/S/T), which is present in the N. crassa G�-subunit GNA1 and the
mammalian Lck tyrosine kinase and targets the respective proteins to the
fungal/animal plasma membrane, was fused to either MOB2A or COT1.
HA-mob-2a was amplified from pHAN1-mob2a (37) with the primers
5=-TTG TCT AGA ATG GGC TGC GTC TGC AGC TCT AAC TAC CCA
TAC GAT GTT CCA GAT TAC-3= and 5=-GGA ATT CCT AGC TCG
AGG GTG GGC C-3=, thereby introducing the palmitoylation motif and
restrictions sites for XbaI and EcoRI. The resulting PCR product was
cloned into pHAN1 via XbaI and EcoRI to generate pHA-pm-HA-mob-
2a. To introduce the palmitoylation motif into different myc-COT1 vari-
ants, the following primers were used to amplify the gene from genomic
DNA of the respective myc-cot-1 strains: 5=-TTG TCT AGA ATG GGC
TGC GTC TGC AGC TCT AAC GAC AAC ACC AAC CGC CCC C-3= and
5=-TTG GGG CCC TTA TCG GAA GTT GTT GTC G-3=. The PCR frag-
ments were cloned into pHAN1 via the restriction sites XbaI and ApaI,
thereby eliminating the HA tag present in the original plasmid. All con-
structs were sequenced and targeted for ectopic expression at the his-3
locus of FGSC 6103.

In order to generate C-terminal COT1-green fluorescent protein
(GFP) fusion constructs, the different variants of this gene were amplified
from the respective genomic DNA by using either 5=-TTG TCT AGA ATG
GGC TGC GTC TGC AGC TCT AAC GAC AAC ACC AAC CGC CCC
C-3= or 5=-TCT AGA ATG GAC AAC ACC AAC CGC-3= and 5=-GGA
TCC CTC GGA AGT TGT TGT CG-3= and into pMF272 (15) via the
introduced restriction sites XbaI and BamHI and targeted for ectopic
expression at the his-3 locus of FGSC 6103. To introduce a tobacco etch
virus (TEV) protease cleavage site, the GFP tag was amplified from
pMF272 using the following primers: 5=-ATC CCC GGG GAA AAC CTA
TAC TTT CAG GGC ATC GTG AGC AAG GGC GAG G-3= and 5=-TCG
AAT TCT TAC TTG TAC AGC-3=. The obtained PCR fragment was
cloned into the pMF272-COT1 fusion plasmid via the introduced SmaI
and EcoRI sites, thereby replacing the original GFP tag with a TEV pro-
tease-cleavable GFP tag, and transformed into either a his-3 or a myc-
cot-1; his-3 strain.

The dual expression vector for bimolecular fluorescence complemen-
tation (BiFC) localization studies was generated by amplifying the Asper-
gillus nidulans Pgpd promoter from pEHN1-nat (kindly provided by S.
Pöggeler, Göttingen, Germany) using the primers 5=-AGC GGC CGC
GAG CTC TGT ACA GTG ACC G-3= and 5=-CTT CTG CTT GTC CAT
GGT GAT GTC TGC TCA AG-3=, thereby introducing a NotI restriction
site to the 5= end of the PCR fragment. In a second step, the portion of the
yfp gene encoding the C-terminal part of the protein (subsequently called
yfpc) was amplified from pYFPC (3) by using 5=-GAC ATC ACC ATG
GACAAG CAG AAG GGC ATC-3= and 5=-AGC GGC CGC GAG AAT
TCA GGC ATT TAA ATG CAG ATC TCT TGT ACA GCT CGT CCA
TGC-3= as primers to generate a yfpc PCR fragment that contained BglII,
EcoRI, and NotI sites at its 3= end. The sequence of the 5= end of yfpc and
the 3= end of the Pgpd fragment were complementary, thereby enabling
both fragments to be fused via fusion PCR. This fragment was digested
with NotI and cloned into the NotI restriction site of pYFPN (3) to gen-
erate pBiFC for expression of N-terminally YFPC-tagged and C-termi-
nally YFPN-tagged fusion proteins under the control of PgpdA and Pccg-1
promoters, respectively, and targeted to the his-3 locus. In order to gen-
erate the yfpn and/or yfpc cot-1 fusion construct, myc-cot-1 was amplified
from genomic DNA using the following primer pairs: 5=-ACT AGT ATG
GAC AAC ACC AAC C-3= and 5=-tta att aaT CGG AAG TTG TTG
TCG-3= for generation of yfpc-cot-1 and 5=-ATT TAA ATC CAT GGA
CAA CAC CAA C-3= or 5=-ATT TAA ATC CAT GAA CTA CCA G-3= and
5=-ATT TAA ATT TTA TCG GAA GTT GTT GTC-3= for the cot-1-yfpn
fusion construct. The alternative start primer, 5=-ATT TAA ATC CAT
GAA CTA CCA G-3= was used for amplification to generate cot-1�N-yfpn,
an N-terminal truncated yfpn fusion construct lacking amino acids 1 to
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212. The obtained PCR fragments were digested with SpeI and PacI or
SwaI, respectively, and cloned into pBiFC, thereby generating plasmids
for expression of either yfpc-cot-1, cot-1-yfpn, cot-1�N-yfpn, or combina-
tions of them. In order to obtain a pBiFC construct for expression of

cot-1-yfpn plus yfpc-bni-1, the formin gene was excised from
pMF272_bni-1_sgfp (32) via SpeI and PacI and cloned into the respective
sites of pBiFC containing cot-1-yfpn. The sequenced constructs were tar-
geted for ectopic expressionat the his-3 locus of FGSC 6103.

TABLE 1 Neurospora crassa strains used in this study

Abbreviated genotype Genotype Source or reference

Wild-type mating-type A 74-OR23-1A FGSC 987
Wild-type mating-type a ORS-SL6a FGSC 4200
cot-1(ts) cot-1(H351R) FGSC 4066
pod-6(ts) pod-6(I310K) Seiler et al. (53)
HA-pod-6 Ppod-6-HA-pod-6; his-3 This study
�pod-6 pod-6�::natR Seiler et al. (53)
myc-cot-1 Pcot-1-myc-cot-1 Maerz et al. (37)
myc-cot-1(S417A) Pcot-1-myc-cot-1(S417A) Ziv et al. (64)
myc-cot-1(S417E) Pcot-1-myc-cot-1(S4127E) Ziv et al. (64)
myc-cot-1(T589A) Pcot-1-myc-cot-1(T589A) Ziv et al. (64)
myc-cot-1(T589E) Pcot-1-myc-cot-1(T589E) Ziv et al. (64)
myc-cot-1(S417A,T589E) Pcot-1-myc-cot-1(S417A,T589E) O. Yarden, Hebrew University of

Jerusalem, Israel
myc-cot-1(D337A) Pcot-1-myc-cot-1(D337A) Maerz et al. (37)
myc-cot-1(D337A) � his-3 Pcot-1-myc-cot-1(D337A) � his-3 myc-cot-1(D337A) � FGSC 6103
�pod-6; myc-cot-1(S417A) Pcot-1-myc-cot-1(S417A); pod-6�::hph This study
�pod-6; myc-cot-1(S417E) Pcot-1-myc-cot-1(S417E); pod-6�::hph This study
�pod-6; myc-cot-1(T589A) Pcot-1-myc-cot-1(T589A); pod-6�::hph This study
�pod-6; myc-cot-1(T589E) Pcot-1-myc-cot-1(T589E); pod-6�::hph This study
his-3 his-3 FGSC 6103
pm-HA-mob-2a Pccg-1-pm-HA-mob-2a::his-3 This study
pm-HA-mob-2a; �pod-6 Pccg-1-pm-HA-mob-2a::his-3; pod-6�::hph This study
pm-myc-cot-1 Pccg-1-pm-myc-cot-1::his-3 This study
pm-myc-cot-1(T589A) Pccg-1-pm-myc-cot-1(T589A)::his-3 This study
pm-myc-cot-1(T589E) Pccg-1-pm-myc-cot-1(T589E)::his-3 This study
�pod-6; pm-myc-cot-1 Pccg-1-pm-myc-cot-1::his-3; pod-6� This study
�pod-6; pm-myc-cot-1(T589A) Pccg-1-pm-myc-cot-1(T589A)::his-3; pod-6�::hph This study
�pod-6; pm-myc-cot-1(T589E) Pccg-1-pm-myc-cot-1(T589E)::his-3; pod-6�::hph This study
�mob-2a; �mob-2b mob-2a�::hph; mob-2b�::hph Maerz et al. (37)
�mob-2a; �mob-2b; myc-cot-1 Pcot1-myc-cot-1; mob-2a�::hph; mob-2b�::hph Maerz et al. (37)
�mob-2a; �mob-2b; myc-cot-1(T589A) Pcot-1-myc-cot-1(T589A); mob-2a�::hph; mob-2b�::hph This study
�mob-2a; �mob-2b; myc-cot-1(T589E) Pcot-1-myc-cot-1(T589E); mob-2a�::hph; mob-2b�::hph This study
�mob-2a; �mob-2b; myc-cot-1(S417A) Pcot-1-myc-cot-1(S417A); mob-2a�::hph; mob-2b�::hph This study
�mob-2a; �mob-2b; myc-cot-1(S417E) Pcot-1-myc-cot-1(S417E); mob-2a�::hph; mob-2b�::hph This study
�mob-2a; �mob-2b; pm-myc-cot-1(T589E) Pccg-1-pm-myc-cot-1(T589E); mob-2a�::hph; mob-2b�::hph This study
Pcot-1-cot-1-GFP Pcot-1-cot-1-gfp; his-3� This study
Pccg-1-cot-1-GFP Pccg-1-cot-1-GFP::his-3; cot-1�::hph This study
Pcot-1-myc-cot-1; Pccg-1-cot-1-GFP Pcot-1-myc-cot-1; Pccg-1-cot-1-GFP::his-3 This study
cot-1(T589A)-GFP Pccg-1-cot-1(T589A)-GFP::his-3 This study
cot-1(T589E)-GFP Pccg-1-cot-1(T589E)-GFP::his-3 This study
cot-1(S417E)-GFP Pccg-1-cot-1(S417A)-GFP::his-3 This study
cot-1(S417A)-GFP Pccg-1-cot-1(S417E)-GFP::his-3 This study
mob-2a-GFP Pccg-1-mob-2a-GFP::his-3 mob-2a�::hph This study
pm-myc-cot-1-GFP Pccg-1-pm-myc-cot-1-GFP::his-3 This study
yfpc-bni-1; cot-1-yfpn Pccg-1-yfpc-bni-1::his-3; Pgpd-1-myc-cot-1-yfpn::his-3 This study
yfpc-cot-1; cot-1�N-yfpn Pccg-1-yfpc-myc-cot-1::his-3; Pgpd-1-myc-cot-1�N-yfpn::his-3 This study
myc-cot-1; cot-1-tev-GFP Pcot-1-myc-cot-1; Pccg-1-cot-1-tev-GFP::his-3 This study
myc-cot-1;cot-1-tev-GFP; HA-mob-2a Pcot-1-myc-cot-1; Pccg-1-cot-1-tev-GFP::his-3;

Pccg-1-HA-mob-2a::hph
This study

cot-1-tev-GFP Pccg1-cot-1-tev-GFP::his-3 This study
cot-1-tev-GFP; HA-mob-2a Pccg-1-cot-1-tev-GFP::his-3; Pccg-1-HA-mob-2a::hph This study
myc-cot-1; HA-mob-2a Pcot-1-myc-cot-1; Pccg-1-HA-mob-2a::his-3 Maerz et al. (37)
cot-1-GFP; HA-mob-2a Pcot-1-cot-1-gfp; Pccg-1-HA-mob-2a::his-3 This study
cot-1(ts); pm-cot-1(D337A)-GFP cot-1(H351R); Pccg-1-pm-cot-1(D337A)-GFP::his-3 This study
pod-6(ts); pm-cot-1(D337A)-GFP pod-6(I310K); Pccg-1-pm-cot-1(D337A)-GFP::his-3 This study
cot-1(ts); cot1(D337A)-GFP cot-1(H351R); Pccg-1-cot-1(D337A)-GFP::his-3 This study
pod-6(ts); cot1(D337A)-GFP pod-6(I310K); Pccg-1-cot-1(D337A)-GFP::his-3 This study
myc-cot-1; cot1(D337A)-GFP Pcot-1-myc-cot-1; Pccg-1-cot-1(D337A)-GFP::his-3 This study
myc-cot-1(T589E); cot-1(D337A)-GFP Pcot-1-myc-cot-1(T589E); Pccg-1-cot-1(D337A)-GFP::his-3 This study
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The HA-mob-2a expression cassette containing the ccg-1 promoter
and the HA-tagged open reading frame was excised from pHAN1-mob2a
(37) by using NotI and PstI for digestion and cloned into pCSN44, which
contains a hygromycin resistance cassette. The obtained fragment was
blunted using T4 DNA polymerase and cloned into the SmaI site of
pCSN44. MOB2A-GFP fusion constructs were generated by amplifying
the mob-2a gene from genomic DNA using the primers 5=-TCT AGA ATG
GAT CCC AAT AAT GG-3= and 5=-CCC GGG GCT CGA GGG TG-3=
and cloned into pMF272 via the XbaI and SmaI restriction sites, thereby
generating pMF272-MOB2A.

A kinase-dead variant of COT1(D337A) was generated by site-di-
rected mutagenesis of the cot-1 wild-type allele residing in a subcloning
vector by using the primer pair 5=-GTT GTG CAT GCA GAG cTA TTA
AGC CAG ACA AC-3= and 5=-GTT GTC TGG CTT AAT AgC TCT GCA
TGC ACA AC-3=. Integration of the point mutation was verified by se-
quencing. The mutated cot-1 variant and the target vectors pMF272-
COT1 and pMF272-pmCOT1 were digested with MscI, and the obtained
mutated cot-1 fragment was introduced into the final vectors, thereby
generating pMF272-COT1(D337A) and pMF-pmCOT1(D337A). The se-
quenced constructs were targeted for ectopic expression at the his-3 locus
of each respective strain.

Bacterial expression of MOB2A. In order to generate a myelin basic
protein (MBP)-tagged fusion construct of MOB2A for expression in Esch-
erichia coli, cDNA of MOB2A was amplified with the primers 5=-A TGC
GAA TTC ATG GAT CCC AAT AAT GGT TCG ATC-3= and 5=-ATC
GGC GGC CGC CTA GCT CGA GGG TGG GCC G-3=. The obtained
PCR fragment was cloned into pMalc2x (32, 58) via the PCR-introduced
EcoRI and NotI sites.

Rosetta2(DE3) cells were grown at 20°C in LB� medium (1% NaCl,
0.8% yeast extract, 1.8% tryptone, and 0.04% glucose) to an optical den-
sity of 0.4, and protein expression was induced for 3 h with 0.1 M isopro-
pyl-�-D-thiogalactopyranoside. Cell extracts were generated by digestion
with lysozyme (1 mg/ml) for 1 h at 4°C in lysing buffer (50 mM Tris [pH
7.5], 125 mM NaCl, 5 mM MgCl2, 0.02% NP-40, 1 mM dithiothreitol
[DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM benzami-
dine). MBP-MOB2A was purified using amylose resin (New England Bio-
Labs, United Kingdom), washed twice with lysing buffer, eluted with 20
mM maltose, and stored at �20°C in 50% glycerol. Fifteen micrograms of
the MBP-fusion protein was used for the POD6 kinase assay.

Kinase assays. Purification of myc-tagged COT1 and peptide-based in
vitro activity determinations were performed as described previously (37),
using the peptide KKRNRRLSVA as an artificial substrate. To determine
phosphorylation of the activation segment (RSRRLMAYSTVGTPDYI)
and the hydrophobic motif (EESPELSLPFIGYTFKRFDNNFR), the re-
spective peptides were used at a final concentration of 2 mM. The influ-
ence of the modified hydrophobic motif-based peptides on COT1 activity
was analyzed by adding 1 mM HM-A (EESPELSLPFIGYAFKRFDNNFR)
or HM-D (EESPELSLPFIGYDFKRFDNNFR) to the respective reaction

mixture. An adjustment to a final concentration of 2% dimethyl sulfoxide
(DMSO) was necessary to prevent precipitation of HM-A. Phosphory-
lated and altered amino acids are underlined. In order to examine the
stimulation of COT1 kinase activity of POD6, POD6 was purified as de-
scribed for the POD6 kinase activity assay below. Precipitated COT1 and
POD6 were mixed in a ratio of 1:3 and washed twice with COT1 kinase
buffer (20 mM Tris [pH 7.5], 10 mM MgCl2, 1 mM DTT, 1 mM benzami-
dine, 2 mM Na3VO4, 5 mM NaF). This mixture was preincubated at 37°C
for 30 min in buffer containing 0.5 mM ATP and washed once with kinase
buffer. The reaction was continued as described previously (37).

For purification of the COT1-COT1 dimer, COT1-TEV-GFP was pre-
cipitated for 2 h at 4°C on a rotation device with 5 �l/ml GFP trap (Chro-
motek, Germany) from cell extract obtained from frozen mycelia of the
respective strains and resuspended in immunoprecipitation (IP) buffer
(50 mM Tris [pH 7.4], 100 mM KCl, 10 mM MgCl2, 0.15% NP-40, 20 mM
�-glycerophosphate, 2 mM Na3VO4, 5 mM NaF, 0,5 mM PMSF, 1 mM
benzamidine, 2 mM EGTA, 1 mM DTT, 1 �g/ml pepstatin A, 5 �g/ml
aprotinin). The GFP-trapped protein was washed twice with TEV buffer
containing 50 mM Tris (pH 7.4), 100 mM KCl, 2 mM EGTA, 1 mM DTT.
COT1-TEV-GFP was released from the GFP trap by digestion with TEV
protease (4 U/�l) at 4°C for 6 h under constant rotation The supernatant
containing released COT1-GFP was adjusted to 1 ml with IP buffer fol-
lowed by myc-IP and a subsequent COT1 kinase activity assay as de-
scribed previously (64), using the peptide KKRNRRLSVA as an artificial
substrate.

For purification of HA-POD6, mycelial samples were frozen in liquid
nitrogen, pulverized, and resuspended in POD6 IP buffer (40 mM mor-
pholinepropanesulfonic acid [MOPS; pH 7.5], 100 mM KCl, 10 mM
MgCl2, 0.15% NP-40, 20 mM �-glycerophosphate, 2 mM Na3VO4, 5 mM
NaF, 0.5 mM PEFAbloc, 1 mM benzamidine, 2 mM EGTA, 1 mM DTT, 1
�g/ml pepstatin A, 5 �g/ml aprotinin, 10 �g/ml leupeptin). The samples
were homogenized and centrifuged at 4,500 � g for 30 min, and the
supernatant was subjected to a second centrifugation step for 60 min at
17,000 � g. The generated supernatant was incubated for 1 h at 4°C on a
rotation device with 1 �l anti-HA-antibody (Sigma-Aldrich, Germany)
per 1 ml cell extract. The antigen-antibody complexes were recovered
using protein A-Sepharose (Amersham, United Kingdom) and washed
once with POD6-IP buffer, twice with POD6-IP buffer containing 250
mM NaCl, and twice with POD6 kinase reaction buffer (15 mM MOPS
[pH 7.5], 10 mM MgCl2, 1 mM DTT, 1 mM benzamidine, 2 mM Na3VO4,
5 mM NaF). To determine COT1 phosphorylation by POD6, immuno-
precipitates of both kinases were mixed at a ratio of 1:3. The kinase reac-
tion was started by resuspending the beads in 50 �l POD6 kinase buffer
containing 0.5 mM ATP and 2 �Ci [32P]ATP and incubated for 30 min at
37°C. Samples were centrifuged for 1 min at 12,000 � g, and the super-
natant was removed. The remaining Sepharose beads were boiled in
Laemmli buffer and used to determine 32P incorporation into COT1 and
POD6 and equal protein levels of both proteins by SDS-PAGE/autora-

FIG 1 COT1 forms inactive dimers. (A) Anti-GFP immunoprecipitation of COT1 from strains coexpressing myc-cot-1 and GFP-cot-1 or the respective controls
indicates the presence of COT1-COT1 dimers in vivo. (B) Myc-COT1 but not hyperactive myc-COT1(T589E) can be copurified by immunoprecipitation of
kinase-dead COT1(D337A)-GFP from strains coexpressing myc-cot-1 or myc-cot-1(T589E) and cot-1(D337A)-GFP. (C) Endogenously myc-tagged COT1 was
precipitated from strains coexpressing COT1-GFP under the control of the glucose-repressed ccg-1 promoter and subjected to COT1 three kinase assays.
Myc-COT1 was purified from mycelia, which were grown either in liquid Vogel’s minimal medium (containing 2% glucose) or in Vogel’s minimal medium
containing 3% glycerol as a carbon source. ccg-1-driven expression is induced by growth on poor carbon sources. Precipitated myc-COT1 (upper panel) and the
expression levels of myc-COT1 (middle panel) and COT1-GFP (lower panel) in the presence of either 2% saccharose or 3% glycerol are shown. (D) COT1-COT1
complexes lack detectable in vitro kinase activity. COT1 was immunoprecipitated from the indicated strains by using either anti-GFP-trap or anti-myc antibod-
ies, and kinase activities were determined. For tandem purification of COT1-COT1 complexes (gray bars), COT1-TEV-GFP was precipitated first and released
by TEV protease cleavage, followed by anti-myc immunoprecipitation and three subsequent kinase assays using the artificial peptide KKRNRRLSVA as the
substrate. An exemplary set of Western blot assays for the individual and tandem immunoprecipitation results is shown below the graph. MOB2A can be
coprecipitated after the individual immunoprecipitation but not after tandem purifications. Note that the GFP fusion protein cannot be detected after TEV
protease cleavage, because the cleavage site is located N-terminal of GFP. (E) Bimolecular fluorescence complementation experiments indicated that the
COT1-COT1 dimer localizes as a bright dot in the distal region of the Spitzenkörper, which was costained by the lipid dye FM4-64. Control strains expressing the
two YFP fragments, in which only one was fused with COT1, displayed only a weak cytosolic background signal. Additional control strains, in which COT1 was
either coexpressed with the formin BNI1, which also localizes to the Spitzenkörper (32), or with an N-terminal-truncated version of COT1 (COT1�N; amino
acids 1 to 212) that lacks the COT1 dimerization domain, did not show any specific localization.
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diography and Western blot analysis, respectively. To examine hydropho-
bic motif phosphorylation of COT1 by POD6, immunoprecipitated HA-
POD6 was resuspended in 30 �l POD6 kinase buffer containing 0.5 mM
ATP, 1 �Ci [32P]ATP, and either 1 mM HM or HM-D as substrate pep-
tides. The kinase reaction was performed at 37°C for 30 min. The super-
natant was spotted onto P81 filter discs (Whatman, United Kingdom),
washed five times with 1% phosphoric acid and once with acetone, and
dried. 32P incorporation into the peptides was determined by liquid scin-
tillation counting. The remaining Sepharose beads were boiled in Laem-
mli buffer and used to determine equal protein levels via SDS-PAGE and
Western blot experiments.

RESULTS
COT1-COT1 dimers represent the inactive pool of the NDR ki-
nase. COT1 and other fungal NDR kinases are able to dimerize in
yeast two-hybrid assays (28, 37, 41), yet the presence and the func-
tional significance of these kinase dimers in vivo have not been
addressed. When we precipitated COT1 from a strain that coex-
pressed myc-COT1 from the modified endogenous locus under
the control of its endogenous promoter and ectopically expressed
COT1-GFP under the control of the ccg-1 promoter, we detected
coprecipitation of both COT1 variants, indicating that COT1 can
interact with itself in vivo (Fig. 1A). This self-association of COT1
raised the question whether COT1 dimerization is a mechanism to
regulate kinase activity. To test this, we purified kinase-dead
COT1(D337A)-GFP from a strain that coexpressed myc-COT1 or
hyperactive myc-COT1(T589E) and examined COT1 dimer for-
mation between inactive COT1(D337A)-GFP and wild-type
COT1 and between COT1(D337A)-GFP and hyperactive myc-
COT1 (Fig. 1B). While we detected a robust interaction between
myc-COT1 and COT1(D337A)-GFP, the association of myc-
COT1(T589E) with COT1(D337A)-GFP was significantly re-
duced, suggesting that the self-association of COT1 occurs be-
tween inactive kinase molecules. In a complementary experiment,
we used the Pcot-1-myc-cot-1; Pccg-1-cot-1-GFP strain in which
COT1-GFP can be overexpressed by growth in medium contain-
ing a poor carbon source, while expression of myc-COT1 re-
mained constant. Kinase activity of precipitated myc-COT1
grown in 3% glycerol was reduced to 51% � 5% (n 	 3), com-
pared to the control when myc-COT1 was precipitated from the
strain grown in 2% saccharose (Fig. 1C). We concluded that the
increased level of total cellular COT1 resulted in reduced myc-
COT1 activity, by shifting the equilibrium toward inactive COT1-
COT1 complexes. To confirm that the kinase dimer is inactive, we
generated a strain that coexpressed myc-COT1 and COT1-TEV-
GFP. Myc-COT1/COT1-GFP dimers were purified in a tandem
purification experiment by performing anti-GFP precipitation
followed by release of bound COT1 via the TEV protease cleavage
site and a subsequent anti-myc precipitation step. In vitro kinase
assays revealed that the COT1-COT1 precipitate was inactive,
while individually precipitated COT1 displayed robust activity,
irrespective of the tag used (Fig. 1D). COT1 and MOB2 are tightly
associated proteins (37), and a coexpressed HA-tagged mob-2a
construct coprecipitated with myc-COT1 and with COT1-GFP in
the individual immunoprecipitation experiments. However after
the tandem purification, no HA-MOB2A could be copurified, in-
dicating the formation of mutually exclusive inactive COT1-
COT1 homodimers or active COT1-MOB2 heterodimers, a
hypothesis also implied by the fact that the COT1-COT1 and
COT1-MOB2 interactions both require the N-terminal 212
amino acids of COT1.

In a final set of experiments, we determined the localization of
the kinase homodimer in vivo by bimolecular fluorescence com-
plementation microscopy (Fig. 1E). In these assays, N- and C-ter-
minal fragments of YFP were fused with COT1 and the in vivo
interaction of two kinase molecules monitored by complementa-
tion of the YFP fluorescence signal of the hybrid fluorophore.
Coexpression of COT1-YFPN plus YFPC and YFPC-COT1 plus
YFPN did not result in detectable YFP signals. In contrast, COT1-
COT1 assemblies localized as an apical dot that was closely asso-
ciated, but did not fully colocalize, with the distal region of a
vesicle accumulation required for polar tip growth, called the Spit-
zenkörper (20, 51). To ensure that this dimerization was not the
result of the high local accumulation of “sticky” YFP fragments in
the Spitzenkörper region, we used BiFC constructs containing
COT1 and the formin BNI1, which also localizes in this part of the
hyphal tip (32). When we coexpressed COT1-YFPN plus YFPC-
BNI1, no apical signal was detected. As a final control, we ex-
pressed a COT1�N-YFPN plus YFPC-COT1 pair, in which the
N-terminal amino acids 1 to 212, which are required for the
COT1-COT1 interaction in yeasttwo-hybrid assays (37), were de-
leted in one cot-1 construct. No apical signal of the COT1-COT1
dimer was detected in strains coexpressing these constructs. Based
on these assays, we concluded that COT1 forms inactive ho-
modimers that localize as a bright, circular dot in the hyphal
apex and that partially overlap with the distal region of the
Spitzenkörper.

Ser417 in the activation segment is the only autophosphory-
lation site of COT1. When immunoprecipitated myc-COT1 was
subjected to in vitro autophosphorylation reactions, we detected
32P incorporation in both COT1 isoforms (Fig. 2A). The substitu-
tion of an aspartic acid that is essential for catalytic activity of NDR
kinases (22, 30) abolished phosphate incorporation in precipi-
tated myc-COT1(D337A), indicating that this was indeed the re-
sult of COT1 autophosphorylation and not phosphorylation of
COT1 by a copurifying kinase. Next, we used peptides covering
the activation segment and hydrophobic motif of COT1 as in vitro
substrates and detected phosphate incorporation in COT1(409 –
425), but not COT1(576 –589) (Fig. 2B). Thus, COT1 autophos-
phorylation occurred within the activation segment and not the
hydrophobic motif. To differentiate between Ser417 and the
neighboring Thr418 as sites of autophosphorylation, we used
strains that carried substitutions of Ser417 with alanine or gluta-
mate of the endogenous cot-1 gene (64). As a control, we used
strains mutated at Thr589 of the hydrophobic motif. In vitro au-
tophosphorylation experiments with precipitants of these COT1
variants identified Ser417 as the only autophosphorylation site of
COT1 (Fig. 2C). We also detected autophosphorylation of COT1
in vivo by probing the precipitated kinase with a phospho-Ser417-
specific antibody (Fig. 2C). We concluded that Ser417 is the pri-
mary site of COT1 autophosphorylation and that phosphoryla-
tion of the activation segment is independent of Thr589
modification within the hydrophobic motif.

Activation segment exchange is a common mechanism for
autophosphorylation of kinase dimers in trans (43, 46), and we
explored the possibility of autophosphorylation occurring in cis or
trans for a COT1-COT1 dimer by generating forced heterokary-
ons in a strain expressing kinase-dead myc-COT1(D337A) with a
his-3� strain harboring an untagged wild-type copy of cot-1 (Fig.
2D). No Ser417 phosphorylation was detected in COT1 precipi-
tated from the myc-cot-1(D337A) strain or from the myc-cot-
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1(D337A) plus his-3� heterokaryotic strain, further indicating
that the kinase dimer is inactive and strongly suggesting that
Ser417 autophosphorylation in vivo is performed in cis.

COT1 is phosphorylated by the GC kinase POD6 at Thr589
within the hydrophobic motif. Ectopic expression of myc-
COT1(T589E) partially suppressed the growth defect of a condi-
tional N. crassa pod-6(ts) strain and the corresponding �kic1 ki-
nase mutant in budding yeast (44, 64). In order to obtain
quantitative data on the modified endogenous cot-1 locus in a
pod-6 deletion background, we crossed the myc-cot-1 phosphosite
alleles into a �pod-6 strain. The tip extension rate of the �pod-6;
myc-cot-1(T589E) strain was 18% and 36% of that of the myc-
cot-1 and myc-cot-1(T589E) strains, respectively (n � 5), while the
�pod-6; myc-cot-1(T589A), �pod-6; myc-cot-1(S417E), and
�pod-6; myc-cot-1(S417A) strains displayed phenotypic charac-
teristics identical to those of the �pod-6 (Fig. 3A) strain. Thus,
acidic substitution of the hydrophobic motif phosphorylation site
of COT1 only partially rescued the absence of the upstream kinase
POD6.

To test if POD6 directly phosphorylates COT1, we generated a
strain in which we tagged with HA pod-6 at its endogenous locus
under the control of its endogenous promoter. This strain dis-
played wild-type growth characteristics, confirming the full func-
tionality of the modified kinase. Phosphate incorporation in pre-
cipitated HA-POD6 in vitro indicated that we were able to obtain
active GC kinase that did undergo autophosphorylation, as de-
scribed for other GC kinases (29, 48, 50). If POD6 functions up-
stream of COT1, we reasoned that preincubation of precipitated
myc-COT1 with precipitated HA-POD6 should stimulate the in
vitro activity of COT1. Consistent with this hypothesis, we ob-
served 3.6-fold activation (�1.3-fold; n 	 5) of myc-COT1 after
addition of POD6 (Fig. 3B). In support of the genetic data, the
activity of myc-COT1(T589A) was not stimulated by preincuba-
tion with POD6, strongly suggesting that POD6 phosphorylated
Thr589 of COT1. Direct phosphorylation of COT1 by POD6 was
determined by using the precipitated COT1 variants myc-
COT1(S417A) and myc-COT1(S417E), which are incapable of
undergoing autophosphorylation (Fig. 2C) as direct POD6 sub-
strate (Fig. 3C). Both precipitated COT1 variants were phosphor-
ylated by HA-POD6 but not by a mock precipitate from the wild
type. The equal level of phosphate incorporation in the two-acti-
vation loop-modified COT1 variants led us to conclude that

FIG 2 Ser417 is the only site of COT1 autophosphorylation. (A) Immunopre-
cipitated myc-COT1 variants from the indicated strains were probed with
anti-myc antibody (upper panel) to determine equal amounts of precipitated
kinase and subjected to a 32P in vitro autophosphorylation reaction (lower
panel). WB, Western blotting. (B) In vitro kinase assays (performed in tripli-
cate) with peptides covering the sequence of the activation segment (RSRRL
MAYSTVGTPDYI) and hydrophobic motif (EESPELSLPFIGYTFKRFDN
NFR) of COT1 as artificial substrates. Equal amounts of precipitated myc-
COT1 used in the kinase reactions are shown below the graph. Phosphorylated
amino acids are underlined. (C) Immunoprecipitated myc-COT1 variants
from strains with the indicated genotypes were probed with anti-myc antibody
(upper panel) or P-Ser417-specific antibody (middle panel) and subjected to
an in vitro autophosphorylation reaction (lower panel). (D) Kinase-dead myc-
COT1(D337A) was precipitated from a forced heterokaryon harboring an
untagged copy of cot-1 and probed for Ser417 autophosphorylation in cis or in
trans of the COT1 dimer with a phospho-Ser417-specific antibody (upper
panel) or with an anti-myc antibody as a loading control (lower panel). The
lack of myc-COT1(D337) phosphorylation purified from the heterokaryon
indicates autophosphorylation of COT1 in cis.
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COT1 autophosphorylation is not a prerequisite for phosphory-
lation by POD6. To prove phosphorylation of Thr589 by POD6,
we generated two peptides covering the region from 576 to 589 of
COT1 that carried either the wild-type sequence of COT1 or a
Thr589 to aspartate substitution (termed HM and HM-D, respec-
tively). POD6 specifically phosphorylated HM, but not HM-D, in
in vitro kinase assays (Fig. 3D), confirming that Thr589 in the
hydrophobic motif of COT1 is targeted by POD6.

The interaction of COT1 with MOB2 is not regulated by
POD6. Phosphorylation of MOB1-type adaptors through up-
stream GC kinases regulates the affinity of the NDR kinase for its
coactivators (26, 49, 59). Nevertheless, we did not observe phos-

phorylation of COT1-associated MOB2A and MOB2B by POD6
in our POD6 kinase assays (Fig. 3C). Thus, we tested if the inter-
action of myc-COT1 with the two MOB2 proteins was altered in a
�pod-6 background, but we detected wild-type levels of myc-
COT1-associated MOB2A and MOB2B (Fig. 4A). To directly test
for phosphorylation of MOB2 by POD6, we bacterially expressed
and purified MBP-MOB2A and performed kinase assays with
HA-POD6 precipitated from N. crassa. We observed strong auto-
phosphorylation of POD6 but not phosphorylation of MOB2A,
indicating that the MOB2A is not targeted by POD6 in vitro (Fig.
4B). In addition to these negative phosphorylation assays, we did
not detect any physical interaction between POD6 and MOB2A or

FIG 3 COT1 is phosphorylated by the GC kinase POD6 in the hydrophobic motif. (A) Suppression analysis of �pod-6 in strains expressing the indicated
phospho variants of COT1. Note the partial suppression of �pod-6 by myc-cot-1(T589E). (B) myc-COT1 purified from either the myc-cot-1 or the myc-cot-
1(T589A) strain was preincubated with independently HA-precipitated HA-POD6 or mock precipitate from the wild type prior to a COT1 activity assay (five
replicates) using the peptide KKRNRRLSVA as the substrate. COT1, but not COT1(T589A), activity was stimulated by POD6. Equal precipitation of myc-COT1
and HA-POD6 used in these assays was confirmed by Western blot (WB) analysis. (C) Direct phosphorylation of COT1 by POD6. Anti-HA precipitates from the
HA-pod-6 or a mock control were mixed with precipitated myc-COT1(S417A), myc-COT1(S417E), or control precipitate. Autophosphorylation of HA-POD6
and POD6-dependent phosphorylation of myc-COT1 are indicated. The results shown in the middle and lower panels confirm that equal amounts of precipi-
tated kinases COT1 and POD6 were used for these assays. (D) POD6 phosphorylates COT1 at Thr589 in the hydrophobic motif. Purified HA-POD6 and a control
precipitate from the wild type were used for peptide-based in vitro kinase assays. Two peptides covering the hydrophobic motif (amino acids 576 to 589) of COT1
that carried either the wild-type sequence of COT1 or a Thr589-to-aspartate substitution (termed HM and HM-D, respectively) were used as artificial POD6
substrates (experiment performed in triplicate). DMSO was used as the solvent control, and the result obtained with this control was set as 1. An immunoblot of
precipitated POD6 probed with anti-HA antibody showing equal amounts of purified kinase is presented below the graph.
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MOB2B in a yeast two-hybrid assay (Fig. 4C). Moreover, sequence
analysis of fungal and animal MOB1- and MOB2-type proteins
revealed that Thr12 and Thr74, the phosphomodified sites of
mammalian MOB1 (2, 26, 49), are not conserved in fungal MOB2
proteins. Thr35 is absent in filamentous ascomycetes, while a ho-
mologous residue is present in MOB2 of the unicellular yeasts. In
summary, these experiments strongly suggest that the interaction
between COT1 and its two MOB2 adaptors is not regulated by the
upstream kinase POD6.

We also tested if the association of COT1 with MOB2A and
MOB2B is regulated by the phospho status of COT1 or by its
activity. However, we detected no significant differences in asso-
ciation of MOB2A and MOB2B with the Ser417- or Thr589-mod-
ified myc-COT1 phospho variants. Moreover, myc-COT1 precip-
itated from the kinase-dead myc-cot-1(D337A) strain that lacked
32P and P-Ser417 antibody-based autophosphorylation coprecipi-
tated wild-type levels of MOB2A and MOB2B (Fig. 4D), indicat-
ing that COT1-MOB2 heterodimerization does not require COT1
activity and is independent of a specific phosphorylation state of
COT1.

In vitro kinase activity and in vivo functionality of COT1 do
not correlate. In order to determine how these biochemical char-
acteristics of COT1 translate into in vivo functionality, we com-
pared in vitro kinase activities of the modified COT1 variants with
the fungal growth rate of the mutant strains as a quantitative mea-
sure for in vivo functionality of the COT1 pathway (Table 2).
Three distinct groups of COT1 variants with no, basal, or high
activities were detected. Myc-COT1(T589E) displayed maximal
kinase activity (designated as 100% activity), while myc-COT1
precipitated from the myc-cot-1(D337A), myc-cot-1; �mob-2a;
�mob-2b, and myc-cot-1(S417A) strains displayed activities that
were not significantly above background. myc-COT1 variants pu-
rified from the myc-cot-1(S417E), myc-cot-1, myc-cot-1; �pod-6,
and myc-cot-1(T589A) strains generated intermediate activities of
1 to 10% of that of the myc-cot-1(T589E) strain. We concluded
that Ser417 phosphorylation in the activation segment of COT1
controls the transition between the inactive kinase and a kinase
with basal activity, while phosphorylation of Thr589 leads to a
fully active kinase.

As predicted for an inactive kinase, the growth characteristics
of myc-cot-1(D337A) and myc-cot-1; �mob-2a; �mob-2b strains
mimicked those of the �cot-1 strain, and these strains had pheno-
typic characteristics indistinguishable from those of the �cot-1
strain (Table 2). However, the poor kinase activity measured for
myc-COT1(S417A) [1% of myc-COT1 and 0.04% of myc-
COT1(T589E)] translated into reasonable growth of the myc-cot-
1(S417A) strain (19% of the growth rate of the myc-cot-1 strain).
In contrast, the myc-cot-1(T589A) strain displayed an in vitro ki-
nase activity not significantly different from that of the myc-cot-1
strain, but it displayed only 1% of the growth rate of the myc-cot-1
strain. Thus, very low levels of active COT1 are sufficient for
growth if Thr589 can be phosphorylated. Moreover, COT1 puri-

FIG 4 The interaction of COT1 with MOB2 is not regulated by POD6. (A)
myc-COT1-associated MOB2 proteins were coprecipitated from the indicated
strains by using anti-myc antibodies. The precipitants were separated by SDS-
PAGE and silver stained. *, heavy and light chains of the antibody. Note that
the interaction of MOB2A and MOB2B with COT1 does not depend on the
kinase activity of COT1 and the presence of POD6. (B) Bacterially expressed
MOB2A was purified and tested for phosphorylation by POD6 precipitated
from N. crassa. No POD6-dependent phosphate incorporation in MOB2A was
detected in the autoradiograph. (C) A potential physical interaction of
MOB2A with POD6 was addressed in yeast two-hybrid assays. Note that these

plasmids were previously used to determine interactions between COT1,
POD6, and MOB2A (37). (D) myc-COT1-associated MOB2 proteins were
coprecipitated from the indicated strains by using anti-myc antibodies. The
precipitants were separated by SDS-PAGE and silver stained. *, heavy and light
chains of the antibody. The interaction of MOB2A and MOB2B with COT1
does not depend on the phosphorylation status of COT1.
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fied from a �pod-6 background was only 20% less active than the
myc-COT1 control, indicating that only a minor fraction of cel-
lular COT1 is active, similar to what has been determined for the
budding yeast homolog Cbk1p (8).

Consistent with the hypothesis that activation of the kinase by
Thr589 phosphorylation occurs after Ser417 autophosphoryla-
tion, we observed autophosphorylation of COT1 precipitated
from myc-cot-1(T589A) and �pod-6; myc-cot-1 strains (Table 2),
indicating that binding of the MOB2A/B coactivators and Ser417
phosphorylation are independent events and that minimal in vitro
COT1 activity is sufficient for efficient autophosphorylation in
vivo. Thus, we tested if Thr589 phosphorylation was able to over-
come the lack of phosphorylation of Ser417 by generating a strain
expressing double-mutated myc-COT1(S417A,T589E). This
myc-COT1 variant had pronounced activity (Table 2), indicating
that Thr589 phosphorylation allows shifting of inactive
COT1(S471A) into its active conformation. However, this COT1
variant produced highly variable kinase activities in several inde-
pendent experiments, ranging from 5 to 50% of that of myc-
COT1(T589E), suggesting that the double substitution resulted in
a highly instable protein, a potential reason for its poor function-
ality in vivo, and the mutant displayed only 1% of the growth rate
of the myc-cot-1 strain.

Maximal catalytic activity of COT1 requires a conforma-
tional change induced by hydrophobic motif phosphorylation.
The sequence analysis of COT1 and selected AGC kinases revealed
the conservation of all residues involved in the interaction of the
phosphorylated hydrophobic motif with the hydrophobic pocket
in COT1 (Fig. 5A). Thus, we tested if a conformational change
induced by hydrophobic motif phosphorylation is involved in ac-
tivating COT1 by using hydrophobic motif peptides, in which we
introduced Thr589 substitutions with aspartate or alanine to
mimic the phosphorylated or nonphosphorylated hydrophobic
motif (termed HM-D and HM-A, respectively). We observed
2-fold-increased myc-COT1 activity in the presence of HM-D,
while the addition of HM-A to the kinase assay mixtures reduced
myc-COT1 activity by 20% (Fig. 5B). Furthermore, myc-
COT1(T589E) was not stimulated by the addition of HM-D, but
the addition of HM-A reduced its activity to 80%. The opposite

pattern was observed in kinase assays with myc-COT1(T589A).
Addition of HM-D increased kinase activity 2.5-fold, while the
addition of HM-A did not alter its activity. We concluded that the
HM-D peptide induces the active state of COT1 in trans, while
addition of HM-A shifts the equilibrium toward the conformation
exhibiting basal kinase activity. In line with these biochemical
data, we also observed that the myc-cot-1(T589A) strain but none
of the other phospho site mutants, displayed temperature-sensi-
tive growth defects (Fig. 5C), which may indicate an instable con-
formational state when Thr589 cannot be phosphorylated.

Phosphorylation of Thr589 and interaction with MOB2 pro-
teins are essential for distinct aspects of the polar localization of
COT1. Artificial membrane targeting of animal NDR kinases or of
MOB1-type adaptors increases NDR activity (23, 27), but the
mechanism of kinase transfer to the membrane is still unresolved.
We determined if POD6 and/or the two MOB2 proteins were
necessary for localizing COT1. Ectopically expressed COT1-GFP
complemented the �cot-1 deletion and labeled an apical dot that
partly colocalized with the Spitzenkörper (Fig. 6A), similar to
what we observed for the inactive COT1-COT1 dimer (Fig. 1E).
However, COT1-GFP also localized as an apex-associated crescent
in growing hyphal tips, which were not stained by the BiFC con-
structs, suggesting that the apical dot represents part of the inac-
tive pool of the kinase, while the apex-associated crescent consti-
tutes the active from of COT1. In line with this hypothesis,
functional MOB2A-GFP localized in a pattern indistinguishable
from that of COT1 and labeled both the Spitzenkörper-associated
dot and the apical crescent (Fig. 6A). COT1(T589A)-GFP only
poorly complemented �cot-1 and resulted in a strain with a mor-
phology and growth rate comparable to that of the myc-cot-1(T589A)
strain. When we ectopically expressed COT1(T589A)-GFP in a wild-
type background, we did observe a Spitzenkörper-associated dot, but
no localization as an apex-associated crescent, indicating that hydro-
phobic motif phosphorylation is required for localization of active
COT1 at the hyphal tip (Fig. 6A). In contrast, COT1(T589E)-GFP
showed a localization pattern indistinguishable from that of wild-
type COT1. We found the the localizations of Ser417-modified
COT1-GFP constructs interesting. While COT1(S417E)-GFP dis-

TABLE 2 In vitro kinase activities, autophosphorylation patterns, and relative growth rates of phosphosite-modified COT1 variants

N. crassa abbreviated genotype

Abbreviated
genotype Mean
(�SD) COT1
activitya (n � 3)

Ser417
autophosphorylation of
COT1

COT1-MOB2 interaction

% relative growth
rate (�SD) at
37°C (n � 5)In vitro In vivo

myc-cot-1(T589E) 100 � � � 65 � 2
myc-cot-1 (S417A,T589E) 5–50b � � � 1 � 1
myc-cot-1(T589A) 10 � 4 � � � 1 � 1
myc-cot-1 5 � 2 � � � 100
�pod-6; myc-cot-1 4 � 1 � � � 0c

myc-cot-1(S417E) 1 � 0.5 � � � 76 � 2
myc-cot-1(S417A) 0.04 � 0.5 � � � 19 � 2
myc-cot-1; �mob-2a; �mob-2b 0.04 � 0.5 � �d � 0c

myc-cot-1; cot-1-tev-gfp 0e �e �e �e 100
myc-cot-1(D337A) 0 � � � 0c

a Peptide-based kinase activities were determined using myc-COT1 as the reference and then recalculated relative to the myc-COT1(T589E) strain.
b This COT1 variant produced highly variable kinase activities in several independent experiments, ranging from 5 to 50% of that of the myc-COT1(T589E) strain.
c The indicated strains displayed phenotypes identical to those of the �cot-1 and �pod-6 strains. The growth rate of both deletion strains was 
1 mm/week and is reported as 0.
d Only the large isoform of COT1 was expressed and phosphorylated in a mob-2 double deletion background.
e Characteristic of the COT1-COT1 dimer.
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played a near-wild-type localization, COT1(S417A)-GFP localized in
a broader apical zone and a crescent that was not as confined.

In order to analyze how COT1 targets the hyphal tip, we
engineered artificially membrane-targeted COT1 variants by
attaching the consensus motif for N-terminal palmitoylation/
myristoylation (pm; M-G-C-X-X-S-A/S/T) to the N terminus of
COT1, analogous to animal MOB1 and NDR1 (23, 27). Ectopi-
cally expressed pm-COT1-GFP not only formed an apical cap at
the hyphal tip but also associated with the plasma membrane
along the whole hypha (Fig. 6B), confirming the suitability of the
tag. In addition, abundant cytosolic spots were detected that may
constitute COT1 associated with vesicular transport intermedi-
ates. As a control, we also tested if a kinase-dead version of COT1
regained functionality when targeted to the plasma membrane.
However, the pm-cot-1(D337A) strain did not complement con-
ditional cot-1(ts) and pod-6(ts) mutants (Fig. 6C), indicating that
kinase activity is essential for COT1 function. In contrast, pm-
myc-COT1(T589E) fully suppressed growth and branching de-
fects of the �pod-6 strain (Fig. 6D and E), indicating that Thr589
phosphorylation of COT1 by POD6 is a prerequisite for mem-
brane association of COT1. Strikingly, pm-myc-COT1 and pm-
myc-COT1(T589A) also fully suppressed the �pod-6 defects.
Thus, artificial targeting of the kinase to the plasma membrane in
cells lacking the endogenous targeting signal (i.e., phosphoryla-
tion of Thr589 by POD6) is more important for the in vivo func-
tionality of the NDR kinase than its Thr589 phosphorylation-de-

pendent maximal kinase activity. As a control, we determined the
kinase activities of COT1 precipitated from all strains and de-
tected a general reduction of the pm-myc-COT1 variants of 50 to
65% relative to the nontargeted controls (Table 3). Thus, altered
kinase activity cannot account for the suppressive effect of the
palmitoyl-myristoyl-tagged COT1 versions in the �pod-6 strain.

We also observed full suppression of the �pod-6 strain by tar-
geting MOB2A (and thus, presumably, the COT1-MOB2 com-
plex) to the membrane by using a pm-HA-mob-2a construct in a
�pod-6 background (Fig. 7A). To determine if the MOB2 adap-
tors also perform an active function in localizing COT1 in addi-
tion to their stimulatory role in the initial activation of the kinase,
we crossed the phosphosite-mutated myc-cot-1 alleles in a �mob-
2a; �mob-2b background. myc-COT1(T589E) purified from a
�mob-2a; �mob-2b background displayed a kinase activity of
16% � 3% of myc-COT1 from the wild type (Fig. 7B), and thus in
principle enough to support good growth [e.g., compared with
myc-cot-1(S417A)] (Table 2). Consistent with the increased COT1
activity of myc-COT1(T589E) from the �mob-2a; �mob-2b strain
compared to myc-COT1 from this strain, we observed increased
growth of the cot-1(T589E); �mob-2a; �mob-2b strain, but not of
any of the remaining phosphosite-mutated strains in the �mob-
2a; �mob-2b background, which displayed defects indistinguish-
able from those of the �mob-2a; �mob-2b strain (Fig. 7C and D).
However, growth was not restricted to the hyphal apex but oc-
curred over the whole cell surface, resulting in increased cell size

FIG 5 A conformational change induced through hydrophobic motif phosphorylation is required for activation of COT1. (A) Alignment of COT1 and selected
AGC kinases, emphasizing residues that are important for the interaction between the hydrophobic pocket within the small lobe of the kinase domain and the
C-terminal phosphorylated hydrophobic motif (based on data from references 16 and 61). Green, residues that bind the first two Phe/Tyr of the hydrophobic
motif; blue, residues that bind the phosphate of the hydrophobic motif; red, residues that bind the last Phe/Tyr of the hydrophobic motif; black, ion pair. (B) In
vitro kinase activities of myc-COT1 variants precipitated from the indicated strains, determined using the peptide KKRNRRLSVA as artificial substrate. The
activity of each COT1 variant was set to 100%, and the impacts of adding HM-A or HM-D peptides were determined. Results of a typical experiment are shown.
To compare and quantify multiple assays, the relative activities of the indicated myc-COT1 variant from at least 3 experiments with the standard deviations
relative to myc-COT1 were calculated. Due to the low kinase activity of COT1(S417A), which was barely above background (only 3% of the activity of
myc-COT1), and the resulting high variability of the assay results, activity changes after incubation with the HM-A and HM-D peptides were not quantified for
this variant. (C) Relative growth rates of the indicated strains at 25°C and 37°C. Note the temperature sensitivity of the myc-cot-1(T589A) strain.
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and hyphal diameter and apolar morphology, indicating delocal-
ized activity of myc-COT1(T589E). We also tested if palmitoyl-
ation of myc-COT1(T589E) further compensated the �mob-2a;
�mob-2b defects by generating a pm-myc-cot-1(T589E); �mob-
2a; �mob-2b strain. However, we did not observe increased
growth of the �mob-2a; �mob-2b; pm-myc-cot-1(T589E) strain in
comparison to the �mob-2a; �mob-2b; myc-cot-1(T589E) strain
(Fig. 7C). These data suggest that the MOB2 adaptor and COT1
Thr589 phosphorylation are essential for distinct aspects of local-
izing COT1 and support an active function of MOB2 in restricting
membrane-associated Thr589-phosphorylated COT1 to the site
of active growth at the hyphal apex.

DISCUSSION

A critical advantage of fungal models is their genetic tractability,
which allows quantitative analysis of in vitro and in vivo charac-
teristics of proteins under endogenous expression conditions. In
contrast, most data obtained in animals are derived from tran-
sient-overexpression experiments. In this study, we provide a de-
tailed analysis of the NDR kinase COT1 and its regulation through
the upstream GC kinase POD6 and two MOB2 coactivator pro-
teins in the filament-forming ascomycete N. crassa.

COT1 and other NDR kinases can dimerize in yeast two-hy-
brid assays (28, 37). One of the major findings of this work is that
these COT1 dimers represent the inactive pool of the NDR kinase
in vitro and in vivo. We showed that the association of COT1 with
MOB2 is abolished in the COT1-COT1 dimer and that the forma-
tion of a MOB2-COT1 heterocomplex is essential for kinase ac-
tivity. Although we cannot rule out the existence of COT1 oligo-
mers in addition to kinase homodimers, the mutually exclusive
detection of COT1 homodimers versus COT1-MOB2 heterocom-
plexes in our coimmunoprecipitation experiments, the BiFC re-
sults, and the fact that the same N-terminal region of COT1 is

required for both types of interactions in yeast two-hybrid assays
make the formation of higher-order COT1 assemblies unlikely.

COT1 autophosphorylation occurs primarily at Ser417 in the
activation segment. We believe that this is one of the initial steps
of COT1 activation, because we detected Ser417 phosphoryla-
tion in all strain backgrounds except the COT1 homodimer
and kinase-dead COT1(D337A). The signal that regulates the
transition from the inactive COT1 dimer to the partially active
COT1-MOB2 heterodimer is currently unknown. The interac-
tion between MOB2A/B and COT1 is intact in kinase-dead
myc-COT1(D337A), and COT1 purified from the �mob-2a;
�mob-2b double deletion strain was Ser417 phosphorylated in
vivo. Thus, MOB2 binding and COT1 autophosphorylation are
independent events. However, we speculate that autophos-
phorylation may be the signal for dissociation of the inactive
COT1-COT1 complex, resulting in the subsequent binding of
MOB2A and MOB2B. This hypothesis is consistent with results
obtained with animal NDR2, showing that the replacement of
Tyr32 with alanine retains intact basal kinase activity, although
the interaction with hMOB1 proteins is abolished (5). More-
over, we found that COT1 is autophosphorylated in the �mob-
2a; �mob-2b strain in vivo, despite (almost) absent in vitro
kinase activity in this strain’s background. Our data also indicate that
autophosphorylation is tightly regulated, because the in vivo phos-
pho-Ser417 status is similar in all tested kinase variants despite dis-
tinct in vitro autophosphorylation rates and peptide-based activities.
Similarly, we observed equal labeling of both COT1 isoforms in vivo
by the anti-phospho-Ser417 antibody. This contrasts with the in vitro
32P incorporation that occurred primarily in the large isoform and
suggested additional levels of regulation, e.g., by phosphatases, occur-
ring in vivo.

The interaction of MOB2 with COT1 is not regulated by the
upstream kinase POD6. This is different from the regulation of
NDR kinases in animal cells, in which the phosphorylation of
MOB1-type proteins by the mammalian GC kinases MST1/2 or
Drosophila melanogaster Hpo has been shown to control the asso-
ciation of MOB1 with its NDR kinase (26, 49, 59). A potential
reason for this differential regulation of the fungal and animal
NDR kinases may be the increased complexity of NDR kinase
cassettes in higher eukaryotes. The fruit fly expresses at least three
different MOB1/2-like genes and two NDR kinases, while mam-
mals have more than five MOB1/2-like proteins and four NDR
kinases (14, 21, 35). Moreover, individual components are ex-
changeable between different animal NDR kinase pathways, while
two clearly separated NDR kinase modules exist in fungi (25, 38).
For example, the two NDR kinase modules present in Drosophila
are distinguishable only by their NDR kinase and the respective
scaffolding protein, but each NDR kinase is activated by the same
upstream kinase and can interact with the same set of MOB pro-
teins (12, 21, 24). Consequently, regulation by the upstream GC

FIG 6 Membrane targeting of COT1 requires POD6-mediated phosphorylation of COT1 Thr589. (A) Localization of the indicated COT1-GFP variants, of
MOB2A-GFP, and of the COT1-COT1 dimer, based on BiFC assays. The apical membrane-associated crescent observed for most constructs was abolished in
strains expressing COT1(T589A)-GFP and the COT1-COT1 dimer. (B) The addition of a palmitoylation/myristoylation (pm) motif to the N terminus of COT1
allowed targeting of COT1 to the plasma membrane. (C) Temperature-sensitive mutants of cot-1(ts) and pod-6(ts) or strains expressing membrane-targeted,
kinase-dead pm-COT1(D337A)-GFP were grown at room temperature and shifted to 37°C for 10 h. pm-COT(D337)-GFP did not complement the two kinase
mutants. (D) Membrane targeting of the indicated myc-COT1 variants complemented the �pod-6 strain (determined in triplicate experiments). (E) Membrane
targeting of the indicated myc-COT1 strains rescued the hyperbranching defect of the �pod-6 strain (n � 120 measurements of branch intervals per strain).

TABLE 3 Comparison of in vivo growth rates and corresponding in
vitro COT1 activities of selected N. crassa strains

Abbreviated genotype

In vivo growth
rate (cm/day;
n � 4)

% kinase activity
in vitro (n � 4)

myc-cot-1 4.0 � 0.1 100
�pod-6; myc-cot-1 0 80 � 23
pm-myc-cot-1 3.9 � 0.1 53 � 8
�pod-6; pm-myc-cot-1 3.9 � 0.1 41 � 13
myc-cot-1(T589A) 0.4 � 0.1 221 � 158
�pod-6; myc-cot-1(T589A) 0 Not determined
pm-myc-cot-1(T589A) 3.8 � 0.2 94 � 29
�pod-6; pm-myc-cot-1(T589A) 3.9 � 0.1 108 � 23
myc-cot-1(T589E) 1.9 � 0.1 2,320 � 1,040
�pod-6; myc-cot-1(T589E) 0.7 � 0.2 2,650 � 1,420
pm-myc-cot-1(T589E) 3.7 � 0.2 1,550 � 550
�pod-6; pm-myc-cot-1(T589E) 3.9 � 0.1 1,480 � 340
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kinase may have evolved as an exclusive mode for the regulation of
the MOB1-NDR kinase interaction in higher eukaryotes.

POD6 phosphorylates COT1 at Thr589, an event that increases
its in vitro kinase activity more than 20-fold. This activation is
presumably driven by a conformational change induced by the
interaction of the phosphorylated hydrophobic motif with a hy-
drophobic pocket in the N-terminal lobe, as described for other
AGC kinases (16, 61). Although HA-POD6 did not show any pref-
erence for either myc-COT1(S417A) or myc-COT1(S417E) in our
in vitro assays, Thr589 phosphorylation did overcome the poor
kinase activity of Ser417 with alanine-modified COT1 in the myc-
COT1(S417A,T589E) double mutant. Moreover, COT1 auto-
phosphorylation occurred in the Thr589-modified kinase, sup-
porting the view that phosphorylation of the activation loop is
independent of the Thr589 status. Thus, hydrophobic motif phos-
phorylation likely occurs after autophosphorylation.

COT1 as well as MOB2A accumulated at the hyphal tip, form-
ing a membrane-associated apical crescent, and partially colocal-
ized with the Spitzenkörper as a dot-like structure. The reason for
the bright dot-like accumulation and the significance of the partial
colocalization with the Spitzenkörper is unclear, but it may reflect
a cytosolic storage pool of inactive COT1-COT1 complexes
and/or COT1 primed for activation (e.g., MOB2 binding and au-
tophosphorylation). The fact that COT1 homodimers visualized
in the BiFC experiments did not form an apical crescent but only
the Spitzenkörper-associated dot strongly suggests that the tip-
associated crescent likely represents the active pool of COT1,
while the subapical dot-like accumulation may comprise the in-
active pool of the kinase. It is striking that this apical crescent is
shifted to a more diffuse accumulation within the apical region in
the cot-1(S417A)-GFP strain, suggesting that apex association is
possible but less efficient when COT1 cannot autophosphorylate.

FIG 7 MOB2 is required for polar localization of COT1. (A) Membrane targeting of HA-MOB2A by addition of a palmitoylation/myristoylation (pm) motif to the N
terminus of MOB2A rescues the growth defect of the �pod-6 strain (triplicate experiments). (B) myc-COT1 was precipitated from strains with the indicated genotypes
and subjected to triplicate in vitro COT1 kinase assays. Note the increased activity of myc-COT1(T589E) compared to the myc-COT1 control. Equal amounts of
precipitated myc-COT1 for the kinase reactions were confirmed by an anti-myc Western blot assay. Note the absence of the smaller COT1 isoform in strains lacking both
mob-2 genes. (C) Expression of the indicated cot-1 phosphomutants in a �mob-2a; �mob-2b background; the increased activity of myc-COT1(T589E) in the �mob-2a;
�mob-2b; myc-cot-1(T589E) strain allowed enhanced, but apolar, growth of the strain. Artificial targeting of myc-COT1(T589) to the membrane in a �mob-2a;
�mob-2b; pm-myc-cot-1(T589E) strain did not further increase the functionality of the NDR kinase. (D) The hyphal diameter was quantified in strains with the indicated
genotypes (�15 measured hyphal diameters per strain).
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Thr589 phosphorylation of COT1 controls not only its in vitro
activity but also the membrane association of the kinase-MOB2
complex. The coupling of activation and localization by a single
phosphorylation event seems the primary reason for the poor
functionality of COT1(T589A) in vivo, because the myc-cot-
1(T589A) strain is sufficiently active in vitro to allow sustained
growth [e.g., compare the myc-cot-1(T589A) strain with the myc-
cot-1 strain] but is a poorly growing strain. However, artificial
targeting of pm-myc-COT1(T589E) to the plasma membrane is
not sufficient for polar growth in a �mob-2ai; �mob-2b back-
ground, indicating an active function of the coactivator proteins
in the localization of the NDR kinase. We speculate that hydro-
phobic motif phosphorylation functions as a general membrane-
targeting signal and that MOB2 is required for restricting the ac-
tive, membrane-associated kinase complex to the hyphal tip,
which is required for polar growth.

Based on the data presented for COT1 and available knowledge
on other NDR kinases, we propose the following model for COT1

activation and function (Fig. 8). Inactive COT1 is self-assembling.
We propose that the transition between the inactive kinase ho-
modimer and the COT1-MOB2 heterodimer is the first step in the
activation of the kinase. This transition is regulated via competing
interaction sites in the N terminus of COT1 (37) and is not depen-
dent on phosphorylation of MOB2 by the GC kinase POD6.
COT1-MOB2 heterodimerization and Ser417 autophosphoryla-
tion result in basal activity of the kinase-MOB2 complex. The
subsequent phosphorylation of Thr589 through POD6 leads to a
conformational change and full activation of the NDR kinase. It
may also be a prerequisite for the efficient interaction with and
phosphorylation of endogenous COT1 substrates. Most impor-
tantly, Thr589 phosphorylation is essential for targeting the active
kinase complex to the plasma membrane. The interaction of
MOB2 with COT1 may then restrict the membrane-associated
kinase complex to the hyphal tip to drive polarized growth. This
mechanistic coupling of kinase activation with polar localization
of COT1 via hydrophobic motif phosphorylation and interaction
with MOB2 explains the observed discrepancy of in vitro kinase
activity and the in vivo defect of the phospho site NDR kinase
variants in ours and other systems (22, 28, 30, 64) and provides an
elegant example for the multilayered coordination of NDR kinase
activation with cellular localization.
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