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Structural and Functional Studies of Cerebral Cavernous Malformations Proteins
SPECIFIC AIMS:
Cerebral cavernous malformation (CCM) is a relatively common condition characterized by vascular lesions in
the brain caused by thinning of the endothelial lining of blood vessels. It affects approximately 0.5% of the
population and is caused by mutations within three genes: CCM1, CCM2, and CCM3. The mechanisms by
which mutations in the CCM genes lead to disease are not completely determined, partly because their normal
physiologic roles have yet to be fully described. Although CCM1, CCM2, and CCM3 interact to form a tripartite
complex1, each of the three individual CCM proteins also function in various cellular pathways. CCM2 consists
of an N-terminal phosphotyrosine binding (PTB) domain and a C-terminal domain of unknown structure and
function. CCM2 has been implicated in a variety of signaling pathways, including TrkA-mediated apoptotic
signaling2,3, regulation of osmolarity through MAP kinase cascades4,5, and degradation of the GTPase
RhoA3,4,6. The precise mechanisms by which CCM2 functions within these roles are not fully understood. In
another example of the involvement of CCM proteins in signaling pathways, recent studies have indicated that
CCM3 binds directly to STK25, STK24, and MST4, the three kinases in the germinal center kinase III (GCKIII)
subfamily of sterile-20 kinases7,8. Although CCM3 and GCKIII proteins have been observed to heterodimerize
with one another, the structural details of this interaction and its effect on the enzymatic activity of the GCKIIIs
have not been entirely characterized8. I hypothesize that the CCM proteins function as adaptors that
regulate signaling pathways through specific binding interactions. I plan to address this hypothesis
through two complementary approaches: determining the structure and function of the C-terminal domain of
CCM2 and elucidating the structural and biochemical nature of the CCM3-GCKIII interaction.
Aim 1: Determine the structure and function of the C-terminal domain of CCM2.
CCM2 is the hub of the CCM complex. It is believed to contain a phosphotyrosine binding (PTB) domain at its
N-terminus and a C-terminal domain (CTD) of potentially novel fold. The PTB domain of CCM2 might directly
interact with NPXY/F motifs on CCM19, while an LD-like repeat region C-terminal to the PTB domain interacts
with CCM3 (unpublished data). Other binding partners of CCM2 outside of the CCM complex have also been
identified. These include the MAP kinase MEKK34, the receptor tyrosine kinase TrkA2, the E3 ubiquitin ligase
Smurf13, and the small GTPase RhoA3. For many of these proteins, the region of CCM2 with which they
interact has not been characterized, nor have the effects of these protein-protein interactions on their
respective cellular processes been studied. In particular, the function of the CCM2 CTD remains almost
entirely unknown, although it has been hinted that it might mediate CCM2’s interaction with MEKK34. The
experiments described in this aim will seek to elucidate the structure and function of the C-terminal region of
CCM2. A structurally stable construct of the CCM2 CTD will be identified using bioinformatics and limited
proteolysis. This construct will then be purified and crystallized to determine its structure using X-ray
crystallography. Then, known CCM2 binding partners will be tested for their ability to bind to this region of the
protein. Finally, the structural and biochemical effects of the CCM2 CTD binding to its interaction partners will
be determined.
Aim 2: Elucidate the structural and biochemical nature of the CCM3-GCKIII interaction.
CCM3 consists of two domains: an N-terminal domain that mediates homodimerization and a C-terminal focal
adhesion targeting (FAT) homology domain10. In addition to its role in the CCM complex, CCM3 has also been
shown to interact with members of the GCKIII family of serine/threonine kinases8. GCKIII kinases are
comprised of an N-terminal kinase domain followed by a C-terminal regulatory region. The dimerization
domain of CCM3 and the C-terminus of the GCKIII proteins interact with one another to form heterodimers8.
Although all three members of the GCKIII family bind to CCM3, only STK25 has been shown to phosphorylate
it11. The function of this interaction, however, has not been addressed, though CCM3 might regulate the
activity of the kinase7. Therefore, the experiments in this aim are designed to determine whether and how
CCM3 regulates the activity of STK25 through structural and biochemical studies. To this end, a co-crystal
structure of CCM3 in complex with a GCKIII protein will be determined. Additionally, kinase activity assays will
be carried out in vitro using a GCKIII consensus substrate peptide to determine whether its interaction with
CCM3 has a direct effect on STK25 kinase activity. Finally, the complex will be studied in cellular assays to
determine whether the activity of the kinase, the phosphorylation of CCM3, or the formation of the CCM3STK25 complex is required for cellular localization.
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BACKGROUND AND SIGNIFICANCE:
Cerebral Cavernous Malformations: Disease and Genetics
Mutations within the CCM proteins have been linked to cerebral cavernous malformations, a vascular disorder
that affects approximately 1 in 200 individuals, with a higher prevalence in the Hispanic population due to a
founder mutation12. CCM lesions predominantly occur in the brain, but can also occur in the retina, skin, and
spinal cord13. They are characterized by several cavernous channels forming within one endothelial layer,
resulting in a structure resembling a mulberry14. Although these lesions are often asymptomatic, if they
rupture, patients can experience hemorrhage, stroke, and other neurological effects.
Acquisition of cerebral cavernous malformations can be either genetic or sporadic. Patients with the genetic
form usually have several lesions, while in sporadic cases there typically is only one15, suggesting that the
genetic form of CCM is caused by a two-hit mechanism16. Analysis of CCM patients has identified three genes
whose mutation causes the disease. These are CCM1 (Krit 1)17, CCM2 (OSM; malcavernin)18,19, and CCM3
(PDCD10)20. Most of the mutations that have been identified within these genes are loss of function, though
there is a point mutation in the PTB domain of CCM2 and a deletion mutation in CCM3 that are clinically
significant11,21.
The three CCM proteins are well conserved through evolution, and both mouse and zebrafish models have
proven to be tractable systems for studying their function. Although the animal models do not all show cerebral
effects, knocking out and knocking down these proteins results in vascular phenotypes that have similar
endothelial effects to those observed in human patients. For example, loss of function in santa and valentine,
the zebrafish homologs of CCM1 and CCM2, cause the heart walls of the animals to have a thin single layer of
cells reminiscent of the walls of the brain lesions seen in human patients22. Additionally, knockdown of the
zebrafish ccm3 homolog showed a similar phenotype11. Both CCM1 and CCM2 knockout mice die as embryos
due to problems in arterial development6, and endothelial-specific CCM2 knockout mice die about 11 days into
embryonic development23. Mouse models of CCM3 have a slightly different phenotype, as these animals
exhibit enlarged veins rather than arterial developmental abnormalities24. This suggests that CCM2 and CCM1
might function through different mechanisms than CCM3. The current understanding of the biological roles of
the CCM proteins is incomplete, but recently some of this information has begun to be elucidated.
Architecture of the CCM Proteins and their Interactions with One Another
The three CCM proteins have been observed to interact with one
another to form a complex, with CCM2 forming the hub1 (Fig. 1). CCM1
contains three NPXY/F motifs at its N-terminus, an ankyrin repeat
domain, and a 4.1 protein/ezrin/radixin/moesin (FERM) domain at its Cterminus25. The CCM2 protein consists of a putative phosphotyrosine
binding (PTB) domain at its N-terminus18 and a C-terminal region that
has been suggested to adopt a novel three-dimensional fold2. The
crystal structure of CCM3 revealed that it consists of an N-terminal
dimerization domain and C-terminal focal adhesion targeting (FAT)
homology domain10.
The PTB domain of CCM2 is believed to interact with the N-terminus of
CCM1, likely by binding to the latter two of CCM1’s three NPXY/F
,
motifs9 26. A CCM3 disease mutant lacking part of its dimerization
domain can bind to CCM2, indicating that CCM3’s FAT homology
Figure 1: The CCM Complex. CCM1
domain mediates the CCM3-CCM2 interaction11. Additionally, an LDinteracts with the PTB domain of CCM2 via
its NPXF motifs while the LD-like motif in
like motif slightly C-terminal to the PTB domain of CCM2 appears to
CCM2 interacts with the FAT-homology
bind to the CCM3 FAT homology domain (unpublished data).
domain of CCM3.
The Role of the CCM Proteins in Cellular Signaling Pathways
All three CCM proteins have been found to function in signaling pathways, likely mediated through scaffolding
interactions as they lack enzymatic activity. CCM1 interacts with several proteins involved in cytoskeletal
regulation such as ICAP-1 and Rap126,27. The functions of CCM2 include binding to proteins in the MAP
kinase pathway4, playing a role in apoptotic signaling of the receptor tyrosine kinase TrkA2, and promoting the
degradation of the small GTPase RhoA3 (Table 1). Some examples of the role of CCM3 in signaling include its
ability to bind to the LD repeats of paxillin via its FAT homology domain28, function as part of the STRIPAK
protein kinase and phosphatase complex29, and interact with and potentially regulate members of the GCKIII
family of kinases7.
CCM2 functions in degradation of RhoA, TrkA-mediated cell death, and osmoregulation.
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Binding
Region of
CCM2 facilitates the degradation of the RhoA
Function
Type
Partner
CCM2
GTPase. Pull-down and co-IP experiments
26
CCM1
Scaffolding
PTB domain
CCM Complex
identified RhoA, Rac1, and Smurf1 as direct
30
6,4
Formation
CCM3
Scaffolding
LD motif
binding partners for CCM2 . Because Smurf1 is
6
RhoA
Small
GTPase
Unknown
an E3 ubiquitin ligase that targets RhoA, it is
perhaps through this mechanism that CCM2
6
RhoA Degradation
Rac1
Small GTPase
Unknown
promotes RhoA degradation3. This pathway might
3
Smurf1
E3 ligase
PTB domain
also require an interaction between CCM1 and
31
MEKK3
MAP kinase
C-terminal?
Osmosensing
CCM2, as cells expressing only a mutant of CCM2
MKK3
MAP kinase
Unknown
with reduced CCM1 binding do not exhibit an effect
TrkA-induced cell
Receptor tyrosine
32
2
on RhoA activity .
TrkA
PTB domain
death
kinase
30
CCM2 has also been identified as an interaction
STK25
Ste-20 kinase
Unknown
31
partner for TrkA, a receptor tyrosine kinase that
EF1A1
Elongation factor
PTB
causes prosurvival signaling of neurotrophins in the Other
31
Actin
Cytoskeleton
Unknown
nervous system and induces tumor cell death in
31
PtdIns
Phospholipid
Unknown
neuroblastoma2. The CCM2 PTB domain binds
directly to the juxtamembrane region of TrkA, and Table 1: CCM2 interacting proteins. Proteins that have been
shown to interact directly with CCM2 are grouped by function and
its C-terminal domain is required for signaling to
the CCM2 binding region, if known, is listed.
downstream cell death pathways through an
unknown mechanism2.
One of the most extensively characterized roles of CCM2 is that of its function in osmoregulation. A yeast twohybrid screen and subsequent confirmation by co-IP and micro-FRET identified CCM2 as an interaction
partner of MEKK3, a kinase that is part of the mammalian osmolarity regulation pathway4. CCM2 is believed to
recruit MEKK3 to membrane ruffles where it induces the activation of p38 in response to osmotic stress4.
CCM3 Interacts with GCKIII Kinases
The germinal center kinase III (GCKIII) proteins are a family of Sterile 20-like kinases that consist of an Nterminal kinase domain followed by a C-terminal regulatory region. There are three proteins within the family:
STK25 (Ysk1; Sok1), STK24 (MST3), and MST4 (MASK). These kinases are activated through
autophosphorylation33,34 of a critical threonine residue within the activation loop of the kinase domain35.
All three members of the GCKIII family have been shown to interact directly with CCM3. In vitro binding
studies showed the C-terminal region of the kinase and the N-terminal dimerization domain of CCM3 mediate
the formation of GCKIII-CCM3 heterodimers8,36 (Fig. 2). The respective affinities of the CCM3 homodimer, the
MST4 homodimer, and the heterodimer are 2.7µM, 2.5µM, and <0.1µM as measured by analytical ultracentrifugation8. Though all three GCKIII kinases can interact with CCM3,
STK25 alone appears to be able to phosphorylate it at Ser39 and Thr4311,30.
The CCM3-GCKIII interaction appears to be physiologically relevant, because
a CCM3 disease mutant cannot bind either STK25 or MST411. The kinases
appear to be activated by oxidative stress, and STK25 in particular has been
shown to play a dual role depending on the cellular environment. Under
normal conditions, it is localized to the Golgi where it interacts with GM130, a
Golgi matrix protein35. Under conditions of oxidative stress, caspases cleave
Figure 2: CCM3-GCKIII
the C-terminal region from the kinase domain, allowing the kinase domain to
Interactions. GCKIII kinases are
37
translocate to the nucleus . It appears that the kinase activity of STK25 is not believed to form heterodimers with
necessary for nuclear localization37. Like STK25, CCM3 has also been shown CCM3, although the precise nature
to localize to the Golgi of cells36, so perhaps CCM3 plays a role in regulating
of this binding is unknown.
the cellular localization of STK25.
Significance:
The biological importance of the CCM proteins has been demonstrated through their role in disease and the
phenotypes of transgenic animal models. Despite the currently known information regarding the histology,
pathology, and genetics of the CCM disease, the normal biological purposes of CCM1, CCM2, and CCM3
have not been fully characterized. Elucidating the role of the CCM proteins in cellular signaling pathways could
also help to facilitate the design of therapeutics for cerebral cavernous malformations, since the only current
recourse for symptomatic patients is invasive surgery38. Performing the experiments outlined below will help to
fill in gaps in the current structural, biochemical, and cellular understanding of the CCM proteins. This will
provide a more thorough description of their normal physiologic roles and their roles in disease.
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RESEARCH DESIGN AND METHODS:
Aim 1: Determine the structure and function of the C-terminal domain of CCM2.
Rationale: CCM2 is a 50kDa protein that is predicted to contain a PTB domain at its N-terminus18 and a
domain of unknown structure at its C-terminus2. Bioinformatic analysis of the C-terminus does not identify
homology to any known proteins, though it has been suggested that it is a folded domain2. This region of
CCM2 appears to be necessary for TrkA-induced apoptotic signaling, but the mechanism by which this occurs
is unknown. Additionally, how CCM2 interacts with MEKK3 has not been identified. It has been suggested
that the CTD is involved in this interaction because C-terminal regions of CCM2 were identified as MEKK3
interaction partners in a yeast-two-hybrid screen4 and phosphoproteomic analysis showed that a mutation
within the CCM2 PTB domain did not affect the MEKK3-CCM2 interaction31. The downstream effect of this
interaction on p38 signaling has been the subject of controversy, since there are conflicting reports on the
effect that CCM2 has on p38 activity4-6,39. The experiments outlined below seek to elucidate the structure and
function of the CTD of CCM2. This will be achieved by (A) identification of a structurally stable CCM2
construct, (B) determination of the X-ray crystal structure of the CTD of CCM2, (C) mapping of interactions
between CCM2 and its binding partners, and (D) structural and biophysical analysis of the CCM2-binding
partner interaction. It is expected that the CTD of CCM2 will adopt a novel fold, and that this domain will
function in apoptosis or kinase cascades through scaffolding interactions with other proteins.
(1A) Identify a structurally stable CCM2 construct.
A stable and crystallizable construct of CCM2 will be identified through a combination of biochemical,
computational, and biophysical approaches, focusing on the CTD as its structure is entirely unknown. The fulllength protein will be produced in E. coli and purified to crystallization quality. (1) Predictions of secondary and
tertiary structure from bioinformatics servers such as Xtalpred and Robetta will be used to inform construct
design. (2) Limited proteolysis experiments will be conducted on the full-length protein to identify potentially
structured domains, followed by N-terminal sequencing of proteolyzed fragments40. Constructs identified in (1)
and (2) will be cloned, expressed, and purified from E. coli. To assess whether these protein constructs
contain secondary structure, circular dichroism experiments will be performed41. These experiments are
expected to identify a structurally stable C-terminal domain of the protein.
(1B) Determine the X-ray crystal structure of the CCM2 CTD.
The CCM2 constructs designed in Aim 1A will be purified to homogeneity and subjected to crystallization trials
using commercially available suites of screening reagents. Once initial crystallization hits are obtained, the
crystals will be further optimized by seeding and by altering buffer concentration, protein concentration, and
pH, prior to X-ray structural analysis. Because the structure will putatively be a novel fold, it is unlikely that a
search model will exist to solve it by molecular replacement. Therefore, the structure of the CTD will be solved
using experimental phasing. Selenomethionine-incorporated protein will be produced and crystallized, or
native crystals will be soaked with either heavy atoms or halides in order to solve the structure by multiwavelength anomalous dispersion (MAD) or multiple isomorphous replacement (MIR).
(1C) Map the interaction of CCM2 with its binding partners.
CCM2 interacts with many signaling molecules, but the specific binding interfaces have not been identified and
the role of the CTD in particular has been unexplored. Experiments will be undertaken to map the binding
interfaces between CCM2 and its partners. (1) Previously identified binding partners for CCM2 such as
MEKK34, RhoA6, Rac16, STK2511, TrkA2, and actin31 will be tested for their ability to directly bind in in vitro pulldown assays. His-tagged constructs of the CTD, PTB domain, and full-length CCM2 will be incubated with
GST-tagged binding partner on GST beads. The beads will be washed and run on a gel to determine if CCM2
can be pulled down. (2) Insights gained from the crystal structure of the CCM2 CTD will be applied to discover
other potential interaction partners that have not yet been identified.
(1D) Determine the structural and function consequences of a specific CCM2-binding partner interaction.
The nature of the interaction of the CCM2 CTD with a binding partner will be further studied structurally and
biochemically. (1) The mode of binding will be determined through the co-crystallization of a CCM2 CTDbinding partner complex. The CTD and its binding partner will be co-expressed in E. coli, purified, and
crystallized. Crystals will be optimized and the structures will be solved using molecular replacement with the
native CTD structure and existing structures of the binding partner as search models. If an existing structure of
the binding partner does not exist, the structure will be solved using experimental phasing. (2) The binding
affinity of CCM2 to its binding partner will also be studied by surface Plasmon resonance (SPR) or isothermal
calorimetry (ITC). (3) If the interaction partner is an enzyme, it will be further characterized by in vitro
biochemical assays to determine if its activity is affected by interacting with CCM2. For example, if it is a
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kinase, then the effect of CCM2 on catalytic activity could be assessed by performing kinase assays with
radiolabeled ATP and a known substrate. (4) GFP-tagged CCM2 and dsRed-tagged binding partner will be cotransfected into HEK293 cells. After transfection, confocal microscopy will be used to determine if the proteins
co-localize with one another. (5) Mutations that disrupt the interaction of CCM2 with its binding partner will
also be designed and confirmed by either pull-down or co-IP experiments. The biological effects of these
mutations will be tested in the in vitro binding assays and cellular assays described above.
Limitations and Alternate Approaches: Though the potential novelty of the CCM2 CTD makes it an exciting
candidate for structural studies, crystallization of CCM2 could also be expanded to include the full-length
protein and/or the putative PTB domain. If an interaction partner for the CCM2 CTD is not identified from the
pool of potential candidates listed in Aim 1C, a more global screening approach will be undertaken. GSTtagged CCM2 CTD will be used as bait to identify binding partners from cells through a pull-down experiment.
A similar experiment has been done previously in RAW267.4 macrophages with flCCM2, so this approach
should be tractable with individual CCM2 domains31. Protein bands that pull down with CCM2, but not with
GST alone, will be excised from a gel, digested with trypsin, and analyzed by mass spectrometry to determine
their identity42,43. Binding partners that are identified in this manner can then be confirmed with pull-down or
co-IP experiments.
Aim 2: Elucidate the structural and biochemical nature of the CCM3-GCKIII interaction.
Rationale: There is clear evidence that CCM3 and GCKIIIs directly interact with one another. The binding
interface appears to include the last 69 residues of STK25, as a C-terminal STK25 construct was sufficient to
pull down CCM38. In addition, STK25 has also been observed to phosphorylate CCM3 at Ser39 and Thr4311.
The effect of this interaction on the catalytic activity of GCKIII kinases has not been quantitatively determined,
nor is there atomic-level structural data to describe the basis for the GCKIII-CCM3 interaction. The following
experiments will address these questions by (A) determining a crystal structure of CCM3 in complex with
STK25, (B) determining the effect of CCM3-binding and phosphorylation on the kinetic parameters of STK25,
and (C) ascertaining how the interaction with CCM3 affects the activity and localization of STK25 through
cellular assays.
(2A) Determine the crystal structure of the CCM3-STK25 complex.
The STK25-CCM3 complex will be produced and purified. Untagged CCM3 will be co-transformed with HisSTK25, expressed in E. coli, and purified as described Aim 1. The protein complex will then be subjected to
crystallization screening. Crystallization trials will also be set up in the presence of ATP, AMPPnP (a nonhydrolyzable ATP analog), and Sunitinib (a small molecule kinase inhibitor of STK25). As another route for
crystallization, an inactive mutant of STK25 will be produced by introducing an Asp to Asn mutation in its HRD
motif to prevent the activation of the phospho-acceptor residue. This will be screened and crystallized as
described for the wild-type complex. These structures will be solved with Molecular Replacement using
existing GCKIII structures (PDB ID 2XIK, 3GGF, 3CKW, or 3A7F) and CCM3 structures (PDB ID 3L8J, 3RQE,
or 3AJM) as search models. This will provide an atomic-level description of the basis for the STK25-CCM3
interaction.
(2B) Determine the effect of the CCM3 interaction on the kinetic parameters of STK25.
The biochemical consequences of CCM3-binding on GCKIII activity have not been comprehensively
addressed. Therefore, kinase activity assays will be performed to quantify the effect of this interaction on
STK25 activity. Full-length STK25 and the kinase domain of STK25 will be purified in a similar manner as
described for proteins in previous aims. These and the STK25-CCM3 complex produced in Aim 2A will be
used in in vitro assays to determine whether the interaction with CCM3 affects the activity of STK25. The
substrate used in these experiments will be a consensus peptide specific for GCKIII kinases that was
synthesized in the Turk Lab (MSTide-T, sequence NKGYNTLRRK). Equimolar amounts of each protein will be
mixed with the substrate, incubated with hot ATP mix (cold ATP and [γ-33P]-ATP) at 30ºC, blotted onto P81
paper, and quenched in phosphoric acid. The amount of product formed will be assessed using a scintillation
counter, and the resulting data will be used to determine kinetic parameters44. These assays will also be used
to test the effect of (1) a non-phosphorylatable CCM3 mutant on kinase activity, (2) the role of the dimerization
domain of CCM3 on activity, and (3) mutations suggested by the crystal structure that would disrupt the
interaction. These experiments are expected to provide a thorough and quantitative description of the role of
CCM3 on the catalytic activity of GCKIII kinases.
(2C) Ascertain how STK25 activity and localization is affected by its interaction with CCM3.
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The STK25-CCM3 interaction will be assessed in vivo to determine its role in Golgi or nuclear localization and
the dependence of cellular localization on the activity of the kinase. Site-directed mutagenesis will be used to
(1) mutate the two STK25 phosphorylation sites in CCM3 to alanine, (2) mutate the binding interface of the two
proteins to disrupt their interaction with one another, or (3) mutate the HRD motif in STK25 to HRN to prevent
kinase activity. These mutants will be tagged with dsRed for CCM3 and GFP for STK25 and transfected into
HEK293 cells. Similar to previous studies, the cells will be used for co-immunoprecipitation and fluorescence
microscopy to determine the effect of these mutations on the interactions and localization patterns of STK25
and CCM330,45.
Limitations and Alternate Approaches: If determination of a co-crystal structure of the complex is not
tractable, smaller portions of the proteins could be used for structural studies instead, such as the N-terminal
domain of CCM3 with STK25. Without a crystal structure, the binding interfaces of the two proteins can be
predicted and mutations designed to break their interaction. These mutations would then be tested in pulldown experiments prior to performing the biochemical and cellular assays.
PRELIMINARY DATA:
Aim 1: Determine the structure and function of the C-terminal domain of CCM2.
Purification of full-length CCM2.
A TEV-cleavable 6xHis-tagged construct
of full-length CCM2 (residues 1-438) had
been cloned into a modified pET-32 vector
(KmHis) and transformed into Rosetta
DE3 cells in our lab. I expressed and
purified this construct from E. coli. Protein
expression was induced with IPTG and
the cells were harvested and resuspended
in lysis buffer after overnight growth at
18oC. Lysozyme, DNaseI, and protease
inhibitors were added, and the cells were
Figure 3: Purification of full-length CCM2. A. flCCM2 elution profile from an S200
subjected to three rounds of freeze/thaw
column. The red bar denotes the peak corresponding to CCM2. B. Peak fractions were
followed by sonication. The protein was
resolved on a 12% SDS-PAGE gel and indicate that the protein is pure.
purified by nickel affinity chromatography,
followed by cleavage of the 6xHis tag by overnight incubation with TEV protease. The protein was then run on
a second nickel column to remove any uncleaved protein, followed by size exclusion chromatography (Fig. 3).
Identification and characterization of a stable C-terminal region of CCM2.
I performed a limited proteolysis
experiment to identify potentially
structured regions of CCM2. I
incubated full length CCM2 with a
series of dilutions of three different
proteases at room temperature for
4 hours. Protein loading buffer was
added to each sample prior to
running it on an SDS-PAGE gel. A
proteolytically resistant band was
present for all three proteases
Fig. 4. Identification of a C-terminal
corresponding to about 21 kDa (Fig.
region of CCM2. A. Limited proteolysis of
flCCM2 reveals a proteolytically resistant
4A). I transferred the gel to a PVDF
region (boxed band). N-terminal
membrane, excised the band, and
sequencing determined this to begin at
residue 232. B. Elution of the 232-438
sent it to the Tufts University Core
construct from a Resource Q column. The
Facility for N-terminal sequencing,
lane on the gel corresponds to the peak
which identified its N-terminus to be
indicated by the red bar. C. The circular
dichroism spectrum of this construct
residue 232, slightly downstream of
indicates that it contains helical character.
the predicted PTB domain. I then
designed a new construct of CCM2 corresponding to this region (CTD1) and amplified it by PCR. I subcloned
it, expressed it in Rosetta DE3 cells, and purified it as described for the full-length protein (Fig. 4B). I also
performed a circular dichroism experiment on CTD1 to assess whether this construct possesses secondary
structure. The circular dichroism spectrum of a 1µM sample of protein was measured from 190nm to 280nm at
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0.5nm steps. This was repeated in triplicate and normalized to the spectrum of protein buffer alone (Fig. 4C).
The data obtained were submitted to the DicroWeb server to deconvolute the secondary structure from the
spectrum46,47, which predicted a 42% helical content to the protein.
Further limited proteolysis identifies a crystallizable region of the CCM2 CTD.
After extensive screening, I
was unable to obtain
crystals of CCM2 CTD1.
Since both the CD analysis
and secondary structure
predictions indicated the
presence of a disordered
region, I performed a
second limited proteolysis
experiment using CTD1.
Figure 5: Identification and purification of CCM2 CTD2. A. Limited proteolysis of CTD1 reveals a
This identified another,
proteolytically resistant region (boxed band on gel). B. CTD2 elutes as a monodisperse peak on a Resource Q
smaller, proteolytically
column. The lane on the gel corresponds to the peak indicated by the red bar.
resistant region that Nterminal sequencing determined to begin at residue 270 (Fig. 5A). I designed a new construct based on these
results (CTD2), and cloned and purified it as described for CTD1, with the addition of anion exchange
chromatography (Resource Q) to achieve further purity (Fig. 5B).
Crystallization screening using the commercial kits available from Qiagen
and Hampton Research produced small clusters of crystals in a 4.0M
sodium formate solution. To optimize these crystal clusters, I used streak
seeding48 (Fig. 6A). Iterative rounds of streak seeding improved the
morphology of the original crystal (Fig. 6B), but diffraction data indicated
that they diffracted to no higher than 6Å resolution.
Crystallization of the CTD of CCM2 and initial data collection.
Because of the difficulty in obtaining well-diffracting crystals of the second
CTD construct, I designed a new construct based on secondary and
tertiary structure predictions of a disordered loop at the very C-terminus of Figure 6: Crystallization of CCM2 CTD2. A.
the protein. This new construct has the same start site as the previous
Schematic diagram depicting streak seeding.
B. Crystals grew in 4.0M NaFormate (left
one, but is 59 residues shorter. I purified it and obtained several
panel).
These were streak-seeded many
crystallization hits in ammonium sulfate conditions. After optimization of
times, eventually producing larger crystals
(right panel).
crystallization conditions, I obtained reproducible crystals in a solution
containing 1.8M-2.1M AmSO4 and 0.2M-0.5M potassium formate. These crystals formed in about two weeks,
and were further optimized by streak-seeding into drops set with a lower protein concentration (Fig. 7A). Two
complete datasets have been collected from these crystals. I collected a dataset diffracting to 2.7Å resolution
at NSLS X29a (Fig. 7B, Table 2A), and a second dataset diffracting to 1.75Å resolution was collected at NECAT 24ID-C (Table 2B). The protein crystallizes in space group P212121 with unit cell parameters for the
higher resolution dataset of a, b, c = 62.7Å, 64.2Å, 89.8Å and α, β, γ = 90.0o.

Figure 7: Crystals and diffraction image of 284-379
construct. A. Examples of CCM2 crystals grown by streak
seeding. B. Diffraction image from the 2.7Å dataset collected
at NSLS. The inset is a zoomed-in image of the boxed
region.

Table 2: Data collection statistics for CCM2 CTD. Two datasets have been
collected for the CTD of CCM2. A. A dataset diffracting to 2.7Å resolution was
collected at the X29 beamline at NSLS. B. A second dataset diffracting to 1.75Å
resolution was collected at the NE-CAT 24ID-C beamline at APS.
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Preparation of a selenomethionine-substituted derivative for experimental phasing.
To overcome the phase
problem, the structure of this
protein will likely need to be
solved using a method other
than molecular replacement,
such as MAD or MIR. As the
98-residue CTD construct
contains one methionine, I
prepared a selenomethionine
(SeMet) derivative of the
protein. I grew an overnight
culture of CCM2 CTD in
standard LB media and
Figure 7: Production of SeMet-substituted CTD. A. SeMet-substituted protein runs as a
monodisperse peak on an S200 column and resolves as a single band of the expected molecular
inoculated it into M9 minimal
weight on a gel. B. Mass spectrum indicates that the SeMet is incorporated, as the major peak is the
media supplemented with
expected mass of 11,196Da compared to 11,148Da for the native protein.
amino acids. Prior to induction
with IPTG, the culture was supplemented with an additional amino acid mix containing selenomethionine. I
harvested and lysed the cells as described for the native protein, and purified the SeMet protein following the
same protocol (Fig. 7A). Selenomethionine incorporation was confirmed by mass spectrometry (Fig. 7B).
Aim 2: Elucidate the structural and biochemical nature of the CCM3-GCKIII interaction
Purification of protein complexes.
I cloned and purified the CCM3-STK25 complex.
I co-transformed an untagged construct of fulllength CCM3 in a modified pET32 vector with a
construct of STK25 that I had subcloned into a
modified pCDF vector with a TEV-cleavable
6xHis tag. I induced and lysed the cells as
described in Aim 1. After sonication, I ran the
supernatant on a nickel affinity column in order
to purify the complex and remove any unFigure 8: Purification of CCM3-STK25. A. The CCM3-STK25WT
complexed CCM3. I further purified the complex complex runs as a single peak on a Resource Q column, indicated
by a red line. Fractions from this peak contain both proteins as
by size exclusion chromatography using an
seen by an SDS-PAGE gel.
S200 column, followed by anion exchange
chromatography with a Resource Q column (Fig. 8A). I also purified a complex of an inactive mutant of STK25
with full-length CCM3 by introducing an Asp to Asn mutation in the HRD motif of the kinase domain with sitedirected mutagenesis (data not shown).
Purification of STK25 constructs for in vitro assays.
Figure 9: Purification of STK25.
I cloned and purified full-length
A. S200 column profile for flSTK25.
STK25 and the kinase domain of
The red bar indicates the STK25
STK25. Because full-length STK25
peak. B. After SEC, flSTK25 was
run on a ResQ column. C. The
expresses poorly in standard LB
kinase domain was purified on an
media, I expressed it in Turbo
S200 column and the eluted peak
(red bar) runs as a single band on
Broth, following essentially the
a gel.
same protocol as for the CCM3STK25 complex (Fig. 9A, B). To
generate the STK25 kinase domain,
I used site-directed mutagenesis to
introduce a stop codon into the fulllength construct based on the
domain boundaries of a previously
solved STK25 kinase domain
structure (PDB code 2XIK). I
expressed this in E. coli in LB
media, and purified it as described
for the other proteins (Fig. 9C).
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