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CCM3 mutations give rise to cerebral cavernous malforma-
tions (CCMs) of the vasculature through a mechanism that
remains unclear. Interaction of CCM3 with the germinal center
kinase III (GCKIII) subfamily of Sterile 20 protein kinases,
MST4, STK24, and STK25, has been implicated in cardiovascu-
lar development in the zebrafish, raising the possibility that dys-
regulated GCKIII function may contribute to the etiology of
CCM disease. Here, we show that the amino-terminal region of
CCM3 is necessary and sufficient to bind directly to the C-ter-
minal tail region of GCKIII proteins. This same region of CCM3
was shown previously to mediate homodimerization through
the formation of an interdigitated a-helical domain. Sequence
conservation and binding studies suggest that CCM3 may
preferentially heterodimerize with GCKIII proteins through
a manner structurally analogous to that employed for CCM3
homodimerization.

Cerebral cavernous malformations (CCMs)® are vascular
abnormalities in the brain characterized by focal dilations of
cranial vasculature that can progress to hemorrhages and
stroke (OMIM ID 116860). Mutations have been identified in
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three distinct genes, denoted CCMI-3, that are causative for
the formation of most familial CCM lesions (1, 2). CCM3, also
named PDCDI10, is a 212 amino acid protein conserved among
metazoans (3, 4). Knockdown of CCM3 in zebrafish causes an
enlarged heart phenotype (5), whereas targeted deletion of
CCM3 in the mouse results in defects of early angiogenesis and
early embryonic lethality, a phenotype also observed following
tissue-specific deletion in the vascular endothelium (6). A non-
cell autonomous role for CCM3 in neuroglia on the vasculature
has also been uncovered in mouse recently, indicating that
CCMs may arise in the central nervous system by the loss of
CCM3 signaling in neural as well as endothelial populations (7).

CCM3 has been detected in complex with CCM1 and CCM2
proteins, suggesting that the three proteins may share a com-
mon biochemical function (8-10). Yeast two-hybrid, co-im-
munoprecipitation, and GST pulldown experiments from cell
lysates demonstrated that CCM3 also readily interacts with
MST4, STK24, and STK25, a grouping of protein kinases
termed the germinal center kinase class III (GCKIII) family
(10-13). CCM3 and the GCKIII proteins have also been
detected as part of a large multiprotein complex termed STRI-
PAK (striatin-interacting phosphatase and kinase; see Refs. 14,
15). The knockdown of GCKIII proteins in zebrafish gives rise
to the same cardiovascular defects as CCM3 knockdown, sug-
gesting the CCM3-GCKIII protein interaction is important for
proper CCM3 function (5).°

The GCKIII proteins (STK24, STK25, and MST4) are mem-
bers of the larger Sterile 20 kinase family and are characterized
by highly conserved catalytic domains and a 100-120 residue
carboxyl-terminal tail, whose function is not currently known.
The closely related GCKII proteins MST1 and MST2 possess
completely distinct C-terminal tails that mediate homotypic
and heterotypic interactions (16), raising the possibility that an
analogous function might be served by the tail region of GCKIII
proteins, albeit through an unrelated structural mechanism.

Crystal structures of the CCM3 protein revealed an architec-
ture consisting of two distinct structural domains (17, 18). The
N-terminal helical domain of CCM3 mediates homodimeriza-
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tion. The C-terminal four-helix bundle, termed the focal adhe-
sion targeting (FAT) homology domain (17), functions as a lin-
ear peptide binding module that mediates direct interactions
with CCM2, paxillin, and the striatin component of STRIPAK
(17).” Of note, the N-terminal region of CCM3 has also been
implicated in the interaction with GCKIII proteins in cells and
model organisms (5, 13, 19). Given the critical role for CCM3
and GCKIII proteins in maintaining vascular integrity, we have
probed the basis for their interaction in close detail. The results
presented here demonstrate that the amino terminus of CCM3
interacts directly with the C-terminal regions of GCKIII pro-
teins. Based on sequence similarity between the interacting
regions of CCM3 and GCKIII proteins, we propose that het-
erodimerization of the two proteins is achieved through an
analogous structural mechanism to that reported for the
homodimerization for CCM3 and present data indicating that
heterodimerization may be favored over homodimerization.

EXPERIMENTAL PROCEDURES

Cloning of Expression Constructs—PDCD10/CCM3,
STK25/SOK1, MST4, STK4/MST1, and STRN3 were ampli-
fied by PCR and cloned into the modified bacterial expres-
sion vectors pGEX-TEV and/or ProEX-TEV. CCM3 point
mutations were generated by PCR using standard tech-
niques, and all clones were sequence verified. The N-
terminal mutant of CCM3 (LAIL-4D) comprises L44D,
A47D,166D,L67D and the C-terminal mutant (K4A) comprises
K132A,K139A, K172A,K179A. CCM3 point mutants were sub-
cloned into the pcDNAS5-FRT-GEFP vector (20) for expression
in mammalian cells. pcDNA3-FLAG-MST4 was reported pre-
viously (14).

Protein Expression and Purification—BL21-Codon+ cells
(Agilent Technologies) were transformed and grown to A, of
0.8 and induced by addition of 0.25 mm isopropyl 1-thio-3-p-
galactopyranoside for 12—-18 h at 18 °C. Bacterial cell pellets
were harvested and stored at —20 °C. Full-length STK25 and
MST4 were also cloned into pFastBAC GST-TEV (Invitrogen),
and recombinant baculoviruses were generated for expression
in SF9 cells. Infection of SF9 monolayer cells with a multiplicity
of infection of >5 were performed for 72 h, followed by harvest-
ing of cell pellets and storage at —80 °C.

Bacterial or SF9 cell pellets of His-tagged proteins were
thawed and resuspended in nickel-loading buffer containing 20
mwm HEPES, pH 7.5, 400 mm NaCl, 5 mMm imidazole, and 5 mm
B-mercaptoethanol. Cells were lysed in the presence of 1 mm
phenylmethylsulfonyl fluoride by passage through a cell
homogenizer (Avestin, Inc.). Supernatant following centrifuga-
tion at 20,000 X gwas applied to a nickel-chelating column (GE
Healthcare) and eluted over a gradient to 300 mm imidazole.
Fractions containing the protein of interest were incubated
overnight with an aliquot of tobacco etch virus (TEV) protease
and 1 mm DTT. Protein was dialyzed into nickel-loading buffer
and flowed over a 1-ml nickel chelating column to remove
uncleaved protein, concentrated, and injected onto a 120-ml
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S-75 size exclusion column (GE Healthcare) in 20 mm HEPES,
pH 7.5, 100 mm NaCl, and B-mercaptoethanol. Fractions con-
taining purified protein were concentrated, flash frozen, and
stored at —80 °C. Bacterial pellets of GST-tagged proteins were
lysed in 20 mm HEPES, pH 7.5, 400 mm NaCl, and 5 mM 3-mer-
captoethanol, and the supernatant was applied to glutathione-
Sepharose resin (GE Healthcare). The protein of interest was
separated from the GST affinity tag following overnight incu-
bation with TEV protease and further purified by size exclusion
chromatography as described above. The heterodimeric CCM3
and MST4 complex was obtained by mixing bacterial lysates
expressing GST-MST4 and His-CCM3 proteins. Protein eluted
from a nickel-chelating column was applied directly to gluta-
thione Sepharose resin and subsequently purified as described
above for GST-tagged proteins.

In Vitro Binding Studies—Bacterial or SF9 cell lysates con-
taining GST fusion proteins were prepared as above, however
the supernatant was applied to glutathione-Sepharose resin
(GE Healthcare) in GST-loading buffer containing 20 mm
HEPES, pH 7.5, 400 mm NaCl, and 5 mM B-mercaptoethanol
and washed extensively. The protein-bound affinity resin was
equilibrated with interaction buffer (20 mm HEPES, pH 7.5, 150
mMm NaCl, and 5 mm B-mercaptoethanol). Previously purified
binding partner proteins were added to the protein-bound
affinity resin and incubated on ice with gentle mixing for 20
min. The affinity resin was then washed three times with 500 ul
of interaction buffer and aliquots of the binding reactions were
separated by SDS-PAGE with proteins visualized following
Coomassie staining.

Light Scattering—Size exclusion chromatography-multi-
angle light scattering (SEC-MALS) was performed with 200 um
protein samples injected onto a 24-ml S200 Superdex column
and measured using a three-angle (45, 90, and 135°) miniDawn
light-scattering instrument equipped with a 690-nm laser and
an Optilab rEX differential refractometer (Wyatt Technologies,
Inc.) as described in Ref. 21. Molecular weights were calculated
by using ASTRA software (Wyatt Technologies, Inc.) based on
Zimm plot analysis and by using a protein refractive index
increment, dn dc™' = 0.185 liters g~ .

Analytical Ultracentrifugation—Sedimentation equilibrium
experiments were carried out on samples containing CCM3
alone, MST4 alone, and a CCM3-MST4 complex obtained by
dual affinity tag purification. Samples were loaded at concen-
trations yielding initial A, g4, values 0f 0.2, 0.4, and 0.8. Ultracen-
trifugation was performed at 25 °C in 20 mm sodium phosphate
buffer, pH 7.0, with 100 mM NaCl and 5 mm B-mercaptoethanol
using an Optima XL-I analytical ultracentrifuge (Beckman
Instruments, Palo Alto, CA) with a AN50-Ti rotor, quartz win-
dows, and standard six-sector charcoal-filled Epon center-
pieces. Absorbance profiles at 280 nm were collected at spin
speeds of 3,000, 10,000, 15,000, 20,000, and 25,000 rpm after
24 h of equilibration at each spin speed. Data were analyzed by
nonlinear least-squares fitting using Origin software (version
7.0, OriginLab Corp., Northampton, MA). Global fits were
obtained to Equation 1, representing a single-species model.
Data from CCM3 and MST4 samples were also fit to Equation
2, representing a monomer-homodimer equilibrium model.
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FIGURE 1. Purified CCM3 and GCKIII proteins interact directly. A, domain organization of CCM3 and GCKIII proteins. ND, N-terminal dimerization region of
CCM3. B, in vitro interaction between GST fusions of STK25 and MST4 with CCM3. The minimal MST4 kinase domain does not bind CCM3. C, CCM3 interacts with
the C-terminal tail regions of MST4 and STK25 but not MST1. The CCM3 C-terminal FAT domain does not interact with the kinases. D, the amino terminus of
CCM3 (CCM3-ND) is sufficient for interaction with full length MST4. E, CCM3-ND is sufficient for interaction with the C-terminal tail region of STK25. F, CCM3

binds tightly to the GST-STK25 tail but not to GST-CCM3.
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In the equations shown above, w is the spin speed, €, ,, is the
280-nm molar extinction coefficient of a monomer, C,_,,, r is
the concentration of monomers at the reference radius (F), r
is the radius from the spin axis, v is the partial specific vol-
ume of the protein, p is the density of the solvent, R is the gas
constant, T is the temperature, / is the optical path length, C
is a baseline correction constant, and M, is the sequence
molecular mass of a protein monomer. Values of vand p were
predicted using SEDNTERP software (John Philo, Thousand
Oaks, CA). Extinction coefficients of 10,430 M~ * cm ™! and
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39,670 M ' cm ' were used for CCM3 and MST4,
respectively.

Mammalian Cell Culture and Immunoprecipitation—Tran-
sient transfection of HEK293T cells and immunoprecipitation
followed by immunoblotting was performed essentially as
described (14).

RESULTS

CCM3 N Terminus Interacts Directly with C Terminus of
GCKIII Proteins—To examine whether binding between
CCM3 and GCKIII proteins is direct and to localize the deter-
minants for binding, we tested bacterial- or baculovirus-ex-
pressed and purified proteins for interaction in vitro (see Fig. 1A
for schematic of constructs). In glutathione-Sepharose pull-
down experiments visualized by Coomassie staining (Fig. 1B),
GST fusions of full-length STK25 and MST4 interacted
robustly with full-length CCM3, whereas the minimal kinase
domain of MST4 lacking the C-terminal tail region did not.
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FIGURE 2. Sequence conservation between CCM3 and GCKIII proteins. A, sequence alignment of CCM3 N-terminal and GCKIII protein C-terminal tails
regions. h, human; dr, Danio rerio; e, C. elegans; mb, Monosiga brevicollis; and dd, Dictyostelium discoidium sequences of CCM3 and GCKIII proteins (STK24, MST4,
STK25, and severin) are shown. Conserved hydrophobic, acidic, basic, and proline/glycine residues are highlighted in yellow, red, blue, and green, respectively.
Residues comprising the CCM3 homodimer interface are indicated by circles (®) at the top of the alignment. The CCM3 residues (Leu-44, Ala047, lle-66, and
Leu-67) mutated in this study are highlighted with red circles. B, schematic of the N-terminal dimerization region of CCM3 (Protein Data Bank code 3L8lI).
Protomer chains are colored yellow and green with residues mutated in this study shown in stick representation. Secondary structure elements are labeled.

These results demonstrated that binding is direct and that the
C-terminal region of the GCKIII proteins is a key determinant
for CCM3 recognition.

The C-terminal tails of MST4 and STK25, when expressed as
GST fusion proteins, were sufficient for robust binding to full
length CCM3 (Fig. 1C). Interestingly, neither GST kinase tail
fusion was able to bind to the isolated FAT domain of CCM3,
suggesting that the N-terminal dimerization domain of CCM3
provides the determinant for GCKIII protein binding. We also
demonstrated the interaction is specific to GCKIII protein tails
because no interaction was detected between full-length CCM3
and the tail region of MST1, a GCKII protein possessing a diver-
gent C-terminal tail (Fig. 1C).

We next tested whether the N terminus of CCM3 is sufficient
for binding to GCKIII proteins. As shown in Fig. 1D, the N
terminus of CCM3 but not the FAT domain displayed robust
binding to full-length MST4. We reconstituted a robust inter-
action between the N-terminal tail of CCM3 fused to GST and
the free C-terminal tail of STK25, demonstrating that the min-
imal delineated regions in CCM3 and the GCKIII proteins are
fully sufficient for the interaction (Fig. 1E). Together, these
results define a model in which the binding of GCKIII proteins
with CCM3 is mediated entirely by their C- and N-terminal tail
regions, respectively. Interestingly, although full-length CCM3
interacted robustly with the GST-STK25 kinase tail, binding of
CCM3 full-length to GST-CCM3 full-length and to the GST-
CCM3 N terminus was barely detectable (Fig. 1F). This result
raised the question of how precisely the respective N- and
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C-terminal tail regions of CCM3 and GCKIII proteins mediate
complex formation and how this interaction is affected by
the ability of the CCM3 N-terminal tail region to form
homodimers.

The N-terminal tail region of CCM3 facilitates homo-
dimerization through the formation of a six-helix cluster (17).
We reasoned that CCM3 might employ this dimer structure to
bind the GCKIII protein tail. Alternatively, CCM3 might bind
to GCKIII proteins with a 1:1 stoichiometry that displaces the
CCM3 dimer. Supporting the latter model, examination of the
primary sequence of the CCM3 N terminus revealed striking
similarity to the C-terminal tail region of the GCKIII proteins
(Fig. 24) (19). Of 39 total residues comprising the dimer contact
surface of the CCM3 homodimer structure (Fig. 2B), 10 are
identical, and an additional nine are similar in nature to resi-
dues in MST4 (Fig. 2A). This conservation suggested that
CCM3 might form a heterodimeric complex with the C-termi-
nal tail region of GCKIII proteins using the same interaction
mode observed in the homodimeric CCM3 crystal structure
(Fig. 2B) (17).

CCM3 and MST4 Form Heterodimers in Solution—T o differ-
entiate between the two possible models of CCM3-GCKIII pro-
tein interaction, we performed SEC-MALS analysis on purified
CCM3 and MST4 proteins and their complexes. As demon-
strated previously (22), full-length CCM3 eluted as a single
46-kDa species consistent with the expected size of a
homodimer (Table 1 and Fig. 3A). Interestingly, full-length
MST4 kinase also eluted as dimeric species with a molecular
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TABLE 1
Summary of SEC-MALS data

Expected monomeric

Figure panel Proteins injected molecular mass

Expected dimeric
molecular mass

MALS averaged

molecular mass Molecular state

kDa kDa kDa
3A CCM3 24.7 49.4 458 = 4.4 CCM3 dimer
3B MST4 46.7 93.4 94.0 + 8.2 MST4 dimer
3C MST4 kinase domain 34.0 68.0 379+ 1.6 MST4 monomer
3D CCM3+MST4 (co-purified) 24.7,46.7 49.4, 93.4 (heterodimer, 71.4) 61.7 £ 2.0 CCM3-MST4 heterodimer
4A CCMS3 LAIL-4D 24.7 49.4 252 +29 CCM3 monomer
4B CCM3 LAIL-4D+MST4 24.7,46.7 49.4, 93.4 20.4 + 1.0, 104.6 = 4.9 CCM3 monomer, MST4 dimer
A 1E+05 % B 1E+06 120
CCM3 . 1] MST4 100
£ 45.8 kDa 55 2 5 1ev0s)] 94.0 kDa 80 2
o )
= 1E+04 4 125 E S o £
. o . o
© lis & ° | Q
€ 5 2 g 1E+04 w0 g
L5 20
1E+03 -5 1E+03 0
6 8 10 12 14 16 18 6 8 10 12 14 16 18
Elution vol. (ml) Elution vol. (ml)
= 7 57 < MST4
S 36 - 2 36— *
o 314 < CCM3 ¢ 31—
@ @
€ 214 € 21
C 1E+05 180 D
160 1E+05 160
MST4 1-312 Ly 140 CCM3 + MST4 L 140
b= (kinase domain) 1 37.9kDa — - (co-purified) 61.7 kDa 120 —
= A 3 5 o 2
9 [ L 100 = -
3 1E+04 [ 0 £ 2 it 0 £
—_ | o —_ 3
2 |\ o 8 S oo §
/ \ L40 < € 40 <
™ / \\\\_ 20 20
[ \N*/\J 3 L
1E+03 L J 0 1E+03 0
6 8 10 12 14 16 18 6 8 10 12 14 16 18
Elution vol. (ml) Elution vol. (ml)
®© ©
MST4 55—
S 36 <5 S < MST4
31— - b
n 0 31—
2 @ < CCM3
= 21 — g€ 21—

FIGURE 3. Size exclusion chromatography and multiangle light scattering of purified CCM3 and MST4 proteins. The left vertical axis denotes molecular
weight of eluting species. The right vertical axis denotes absorbance measurement of eluent. The area of the peak integrated for analysis of molecular mass is
indicated by a black line. An SDS-PAGE analysis of the corresponding eluted proteins is shown below each chromatogram. A, CCM3 alone. B, MST4 full-length
alone (the asterisk indicates a likely MST4 degradation product). C, MST4 kinase domain (residues 1-312). D, co-purified CCM3-MST4 complex.

mass of 94 kDa (Fig. 3B). The ability of MST4 to form dimers was
dependent on the C-terminal tail region as the isolated kinase
domain eluted as a single monomeric species of 38 kDa (Fig. 3C).
Thus, the C-terminal tail regions of GCKIII proteins, which are
similar in sequence to the N-terminal tail region of CCM3, can also
function as homodimerization domains.

SEC-MALS analysis of a CCM3-MST4 protein complex
obtained by co-purification utilizing successive affinity tag
purification steps yielded a single species with molecular mass
of 62 kDa consistent with a 1:1 heterodimer (Fig. 3D). Under
these conditions, no evidence of CCM3 or MST4 homodimers
was observed. This result indicated that CCM3 and MST4 form
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a stable heterodimer whose stability may exceed that of the
CCM3 and MST4 homodimers.

CCM3 N-terminal Mutation Disrupts Heterodimer Forma-
tion with MST4—If the six-helix cluster observed in the crystal
structure of the CCM3 homodimer also reflects the mode of
CCM3-GCKIII protein heterodimerization, then we expected
that mutations that disrupt homodimerization of CCM3 might
similarly abolish heterodimerization with GCKIII proteins.
Mutation of the four hydrophobic residues, Leu-44, Ala-47, Ile-
66, and Leu-67 to aspartic acid residues (mutant denoted
LAIL-4D) within the CCM3 dimerization interface abolished
homodimerization, as reflected by the transition of CCM3 to a
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FIGURE 4. Mutations in the amino terminus of CCM3 disrupt the CCM3-GCKIIl heterodimer interaction in vitro and in vivo. A, the N-terminal CCM3
mutant (LAIL-4D) elutes as a monomer, as assessed by SEC-MALS. mAU, milli absorbance units. B, the N-terminal CCM3 mutant (LAIL-4D) does not co-elute with
full-length wild type MST4, as assessed by SEC-MALS. C, the N-terminal CCM3 mutant (LAIL-4D) does not interact with MST4 or STK25 tail regions in a GST
pulldown assay. D, FLAG-MST4 interaction with GFP-CCM3 in transiently transfected HEK293T cells is disrupted by mutations in the N-terminal region of CCM3
(LAIL-4D) but not by mutations within the FAT domain (K4A) of CCM3. FLAG-tagged PP4C was used as a negative binding control. Right panels show expression
in the cell lysate; left panels show immunoprecipitated proteins. Top panels are blotted with anti-GFP antibody; bottom panels have been reprobed with
anti-FLAG. E, FLAG-CCM3 and FLAG-MST4 interact strongly with GFP-MST4 and GFP-CCM3, respectively, in HEK293T cells. A weaker interaction of GFP-MST4
with FLAG-MST4 was detected. (Note that this interaction may be mediated via dimerization of other STRIPAK components.) No interaction of FLAG-CCM3 with
GFP-CCM3 was detected. To eliminate detection of indirect interactions between GFP-CCM3 and FLAG-CCM3 arising from bridging interactions with a dimeric
STRIPAK complex, we employed a four site mutant within the FAT domain of CCM3 (in the context of the GFP-CCM3 construct) that abolishes interaction with
STRIPAK. FLAG-tagged PP4C was used as a negative binding control. Right panels show expression in the cell lysate; left panels show immunoprecipitated
proteins. Top panels are blotted with anti-GFP antibody; bottom panels have been reprobed with anti-FLAG. vol., volume.

JULY 15,2011-VOLUME 286-NUMBER 28 NASENMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 25061

GTOZ ‘TZ A2\ Uo 158Nnb Aq /61070 [ mammy/:dny wiouy papeoumoq


http://www.jbc.org/

CCM3 Interacts Directly with GCKIII Proteins

A CCM3 B MST4 C MST4-CCM3 Complex
1.0- 1.0- 1.0

0.8- 0.8 0.8+
© 064 0.6 0.6
g

0.4+ . 044 0.44

0.24 024 0.2-

L)

0.0+ 0.0 0.04

58 60 62 64 66 68 70 72 59 60 f 59 60 61 62 63 64 65 66 6.7
o Radius (cm) Rad|us (cm) Radius (cm)

1+ 0.17

Fit residuals
o
o
I

o
2

58 60 62 64 66 68 7.0 7.2 59 6.0 6.1 63 64 65 6.6 59 6.0 61 62 63 64 65 66 6.7
Radius (cm) Radius (cm) Radius (cm)
@ 10,000 rpm ® 10,000 rpm @® 10,000 rpm
@ 15,000 rpm ® 15,000 rpm @® 15,000 rpm
@ 20,000 rpm ® 20,000 rpm @ 20,000 rpm
@ 25,000 rpm === Fits to 10,000 rpm ® 25,000 rpm

== Fits to 10,000 rpm
«= Fits to 15,000 rpm
«= Fits to 20,000 rpm
== Fits to 25,000 rpm

e Fits to 15,000 rpm
@ Fits to 20,000 rpm

== Fits to 10,000 rpm
«= Fits to 15,000 rpm
«= Fits to 20,000 rpm
== Fits to 25,000 rpm

1.0 ® 25000 fpm ©20,000rpm 0
spegCles it Single-species f|t 1
o 1= ~ 2
® 05 X o5 <§ -3
< < B b
00 00] o :(73

g0 7o T4 64 65 66 35 36 37 38 30 40 41 42 43 44

Radius (cm)
CCM3 Kd=2.7+0.8 uM

Radius (cm)
MST4 Ka=2.5+0.4 uM

Radius? (cm?)
MST4-CCM3 heterodimer
Kd=<0.1 uM

FIGURE 5. Analytical ultracentrifugation analysis of CCM3 and MST4 dimerization potential. A, sedimentation equilibrium analysis of CCM3. Sedimenta-
tion equilibrium ultracentrifugation was performed at 25 °C and spin speeds of 10,000, 15,000, 20,000, and 25,000 rpm. Global fits to a dimer-monomer
equilibrium model performed on 12 data sets (top panel), which were acquired at four spin speeds and three spin radii. This model yielded a good fit and a
measured K value of 2.7 = 0.8 um. Residuals to the monomer-dimer equilibrium fits are shown in the middle panel. Fit to a single-species dimer model (lower
panel) yielded poor agreement. B, sedimentation equilibrium analysis of MST4. Sedimentation equilibrium ultracentrifugation was performed at 25 °Cand spin
speeds of 10,000, 15,000, and 20,000 rpm. Global fits to a dimer-monomer equilibrium model performed on six data sets (top panel), which were acquired at
three spin speeds and two spin radii. This model yielded a good fit and a measured K, value of 2.5 = 0.4 um. Residuals to the monomer-dimer equilibrium fits
are shown in middle panel. Fit to a single-species dimer model (lower panel) yielded poor agreement. C, sedimentation equilibrium analysis of an equimolar
CCM3-MST4 complex. Sedimentation equilibrium ultracentrifugation was performed at 25 °C and spin speeds of 10,000, 15,000, 20,000, and 25,000 rpm. Global
fits to a single-species model performed on eight data sets (top panel) acquired at four spin speeds and two spin radii. With the mass of the heterodimer input
as an initial parameter, this model yielded a good fit. Residuals to the monomer-dimer equilibrium fits are shown in middle panel. Plot of the natural logarithm
of the A4, value versus the square of the spin radius (lower panel). All spin speeds yield straight lines, consistent with only one species present at detectable

levels at equilibrium.

25-kDa monomeric species in SEC-MALS analysis (Fig. 44).
The four-site mutant, unlike wild type CCM3, was also com-
promised for its ability to interact with wild type MST4, as
assessed by SEC-MALS (Fig. 4B), and to interact with the
dimerization mediating tails of either MST4 or STK25 in pull-
down experiments (Fig. 4C). These results were consistent with
the notion that CCM3 and GCKIII proteins form heterodimers
through a mechanism analogous to that employed in the CCM3
homodimer structure (17).

To investigate whether the CCM3-GCKIII protein het-
erodimers exist in vivo through the formation of a CCM3-like
dimer structure, we tested wild type CCM3 and the four site
CCM3 mutant for their ability to interact with GCKIII proteins
by immunoprecipitation from HEK293T cells co-transfected
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with GFP-tagged CCM3 and FLAG-tagged MST4 kinase. Wild
type GFP-tagged CCM3 was readily recovered in immunopre-
cipitates of FLAG-MST4, but not in immunoprecipitations of
FLAG-PP4C, used here as a negative control (Fig. 4D). This
interaction was abolished by the four-site mutation within the
CCM3 dimerization domain (Fig. 4D; proteins expressed at
similar levels). In contrast, a CCM3 mutation within the C-ter-
minal FAT domain of CCM3 (K4A), which prevents interaction
with STRIPAK, CCM2, and paxillin (17),” had no effect on the
interaction with MST4 (Fig. 4D). This result confirmed the role
of the N terminus of CCM3 in mediating GCKIII protein inter-
actions in vivo and further supported the notion that het-
erodimerization is mediated by a mechanism analogous to the
CCM3 homodimerization mechanism (17).
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We also used the HEK293T cell system to further investigate
the homo- and heterodimerization properties of MST4 and
CCM3. FLAG-tagged CCM3, MST4, or PP4C (negative con-
trol) were co-transfected with GFP-tagged CCM3 (K4A),
MST4, or GFP alone. CCM3 (K4A) was employed for this assay
to prevent interactions which would be mediated by interaction
with the striatin component of STRIPAK, which also homo-
and heterodimerizes.” As seen in Fig. 4D, strong het-
erodimerization of FLAG-MST4 and GFP-CCM3 (K4A) was
observed; the reciprocal interaction between GFP-MST4 and
FLAG-CCM3 was also readily detected (Fig. 4E). By contrast,
the recovery of GFP-MST4 with FLAG-MST4 was much
weaker (note that this could potentially be mediated by striatin
dimerization), and no detectable homodimerization of CCM3
was observed (Fig. 4E). These results further hinted that the
heterodimer state between CCM3 and MST4 might be a pre-
ferred dimer conformation. To test whether this was in fact the
case, we sought to quantify the binding affinity for homo- versus
heterodimerization by analytical ultracentrifugation.

We performed equilibrium analytical ultracentrifugation
analysis on CCM3 and MST4 proteins in isolation and on a
CCM3-MST4 complex obtained by co-purification using dual
affinity tag purification. Under the protein concentrations
tested (see “Experimental Procedures”), CCM3 and MST4 pro-
files were best fit using a monomer-dimer equilibrium model
with an extracted K, of 2.5 and 2.7 um, respectively (Fig. 5, A
and B). In contrast, the CCM3-MST4 complex profiles were
best fit as a single species model corresponding to a tight het-
erodimer (Fig. 5C). Based on the linearity of In(A,g,) versus
radius® plots (Fig. 5C, bottom panel), which revealed no evi-
dence of alternate monomeric or homodimeric species, we esti-
mated a binding constant for heterodimeration of <0.1 um,
which is thus minimally 25-fold tighter than the CCM3 and
MST4 homotypic inteactions. From these data, we concluded
that the heterodimer state between CCM3 and MST4 is greatly
favored over either of the two homodimer states.

DISCUSSION

In this study, we mapped the determinants of a direct inter-
action between CCM3 and GCKIII proteins to the N-terminal
region of CCM3 and the C-terminal tail region of GCKIII pro-
teins. These elements of both protein families are highly related
in amino acid sequence, suggesting a common folded structure
and binding function (Fig. 24). Our data lead us to propose that
CCM3-MST4 complex formation is achieved through the
adoption of a heterodimeric helical structure analogous to that
revealed by the CCM3 homodimer crystal structure (17). We
also confirmed the existence of CCM3 homodimers in solution
and that mutations within the N-terminal region of CCM3 dis-
rupt both homodimerization and heterodimerization with
purified GCKIII proteins (Fig. 4). Dimerization of STE20 family
kinases mediated by conserved auxiliary domains has now been
observed for GCKIII proteins (this study), the GCKII proteins
(16), and the p21 activated kinases (23, 24). We reason that
conserved regions flanking the kinase domains of other STE20
family kinases might serve analogous interaction functions
albeit through the adoption of distinct structures.
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The uncovered binding mode between CCM3 and GCKIII
proteins helps to explain the following biological observations.
Depletion of CCM3 led to the destabilization of STK25/SOK1
in cells (13) demonstrating an interdependence of protein func-
tion. A mutant in exon 5 of CCM3 that results in deletion of
residues 33—50 within the N-terminal region (3) failed to bind
the GCKIII proteins MST4, STK24, and STK25 (5, 19). This
observation is consistent with our finding that point mutations
within the N-terminal region of CCM3 disrupt binding to
GCKIII proteins both in vitro and in cells (Fig. 4). Exon 5-de-
leted CCM3 also failed to rescue the cardiac phenotype of
zebrafish, further demonstrating the biological importance of
the CCM3-GCKIII protein interaction (5, 19). Because these
regions of CCM3 and GCKIII proteins mediate both hetero-
and homotypic dimerization, the relative importance of each
state in the etiology of CCM disease needs to be explored
further.

The interacting tail regions of GCKIII proteins and CCM3
are similar in sequence across the three a-helices that mediate
CCM3 homodimerization (Fig. 2) (19). Although highly similar,
the observed differences (29 of 39 contact residues are not iden-
tical) likely account for the tendency of CCM3 and MST4
kinases to preferentially heterodimerize versus homodimerize.
Because the dimerization-mediating tails of the two other
GCKIII proteins, STK24 and STK25, are more similar to MST4
than to CCM3 (Fig. 24), we predict that they too will preferen-
tially heterodimerize with CCM3. This, however, remains to be
tested experimentally.

The CCM3-interacting region of GCKIII proteins is unre-
lated in sequence to the C-terminal SARAH domain of GCKII
kinase MST1, an element that does not interact with CCM3
(Fig. 1C). Further database searches with the dimerization
sequences of CCM3 and GCKIII proteins did not reveal other
proteins in the human genome that might interact with CCM3
or GCKIII through a related structural mechanism. Interest-
ingly, the dimerization regions of CCM3 and GCKIII proteins
are well conserved throughout evolution, even in more distantly-
related species, such as Caenorhabditis elegans and Monosiga
brevicollis, the latter being the most distantly related choano-
flagellate of metazoan origin sequenced to date (Fig. 24) (25).
This conserved evolution of CCM3 (formerly called DUF1241)
and GCKIII proteins further supports the functional relevance
of their observed interaction. A GCKIII-related kinase called
severin exists in the slime mold Dictyostelium discoideums;
however, a CCM3 homologue has not been identified in this
organism suggesting that GCKIII proteins may retain functions
independent of a CCM3 protein.
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