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SUMMARY

Liprins are highly conserved scaffold proteins that
regulate cell adhesion, cell migration, and synapse
development by binding to diverse target proteins.
The molecular basis governing liprin/target interac-
tions is poorly understood. The liprin-a2/CASK com-
plex structure solved here reveals that the three SAM
domains of liprin-a form an integrated supramodule
that binds to the CASK kinase-like domain. As sup-
ported by biochemical and cellular studies, the inter-
action between liprin-a and CASK is unique to verte-
brates, implying that the liprin-a/CASK interaction
is likely to regulate higher-order brain functions in
mammals. Consistently, we demonstrate that three
recently identified X-linked mental retardation mu-
tants of CASK are defective in binding to liprin-a.
We also solved the liprin-a/liprin-b SAM domain
complex structure, which uncovers the mechanism
underlying liprin heterodimerizaion. Finally, forma-
tion of the CASK/liprin-a/liprin-b ternary complex
suggests that liprins can mediate assembly of target
proteins into large protein complexes capable of
regulating numerous cellular activities.

INTRODUCTION

Liprins, originally identified as binding partners of the receptor

protein tyrosine phosphatase LAR (leukocyte common antigen-

related) (Serra-Pagès et al., 1998), are known to play roles in

many cellular processes, including cell migration, cell adhesion,

lymphatic vessel development, and synaptic development and

activity (Astigarraga et al., 2010; Choe et al., 2006; Dai et al.,

2006; Dunah et al., 2005; Kaufmann et al., 2002; Olsen et al.,

2005; Schoch et al., 2002; Shen et al., 2007; Wyszynski

et al., 2002; Zhen and Jin, 1999). Vertebrates contain two families

of liprins, liprin-a and liprin-b, which have four (a1, a2, a3, and a4)

and two (b1 and b2) members, respectively (Serra-Pagès et al.,
586 Molecular Cell 43, 586–598, August 19, 2011 ª2011 Elsevier Inc.
1998). In contrast, C. elegans and Drosophila each contain only

one liprin-a, called Syd-2 and Dliprin-a, respectively (Kaufmann

et al., 2002; Zhen and Jin, 1999). All isoforms of liprins share

highly similar domain organizations, consisting of an N-terminal

coiled-coil domain and a C-terminal liprin homology (LH) region

comprised of three sterile alphamotif (SAM) domains (Kaufmann

et al., 2002; Serra-Pagès et al., 1998; Zürner and Schoch, 2009)

(Figure 1A). The N-terminal coiled coils of liprin-a act as binding

regions for several synaptic proteins, including CAST, GIT1, RIM,

and KIF1A (Ko et al., 2003a, 2003b; Schoch et al., 2002; Shin

et al., 2003). The SAM repeats can bind to both phosphatases

(e.g., LAR, PTPd, and PTPs) (Serra-Pagès et al., 1998) and

protein kinases (e.g., CASK) (Olsen et al., 2005), although the

molecular basis of these interactions is unknown. Additionally,

the SAM repeats of liprin-a and liprin-b can form heterodimers

(Serra-Pagès et al., 1998), although again the underlying molec-

ular mechanism is unknown.

Much of our current understanding of the functions of liprin

is derived from extensive studies in neurons. In C. elegans

and Drosophila, loss-of-function mutations of liprin-a result in

enlarged active zones, reduced synapse formation, impaired

synaptic transmission, and mistargeting of axons (Choe et al.,

2006; Hofmeyer et al., 2006; Kaufmann et al., 2002; Prakash

et al., 2009; Zhen and Jin, 1999), indicating that liprin-a plays

critical roles in synaptic development and activity. The specific

interaction between liprin-a and CASK in mammals hints that

liprin-a may be directly involved in neurotransmitter release

as well as the establishment of cell polarity via the highly

conserved Veli (also called MALS or mLin-7)/CASK/Mint-1 (or

X11a) tripartite complex (Biederer and Südhof, 2000; Borg

et al., 1999; Feng et al., 2004; Hata et al., 1996; Hsueh et al.,

1998; Maximov et al., 1999; Kaech et al., 1998; Olsen et al.,

2005, 2007; Samuels et al., 2007; Schoch et al., 2002). Recently,

several human genetic studies have revealed that CASK muta-

tions are closely associated with mental retardations (Froyen

et al., 2007; Hayashi et al., 2008; Najm et al., 2008; Piluso

et al., 2009; Tarpey et al., 2009), although the molecular basis

for this association is unknown. The mutation-induced impair-

ment of the liprin-a/CASK interaction may constitute the molec-

ular mechanism underlying the involvement of CASK in mental

retardation.
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In contrast to the direct physical and functional interaction

between liprin-a and CASK observed in mammals, liprin-a

does not seem to interact with the CASK ortholog in inverte-

brates. The loss of function of liprin-a/Syd-2 in C. elegans mani-

fests itself in the form of defects in active zone assembly with

enlarged zone areas (Zhen and Jin, 1999), whereas the Lin-2

defective mutant displayed a vulvaless phenotype (Kaech

et al., 1998). It has also been demonstrated that, at least in

HSN neurons in C. elegans, liprin-a/Syd-2 and Lin-2 neither

colocalize nor genetically interact with each other (Dai et al.,

2006; Patel et al., 2006). Given the highly conserved nature of

both proteins throughout evolution, it is conceptually challenging

to explain the functional differences for liprin-a and CASK

between mammals and lower eukaryotes.

To understand the molecular basis of liprin-mediated protein

complex assembly, we characterized the liprin-a/CASK and

liprin-a/liprin-b interactions in detail. The crystal structure of

the liprin-a SAM domain repeats in complex with the CaM kinase

(CaMK) domain of CASK reveals unexpected binding modes for

both SAM domains and the CaMK domain. Importantly, the

structure of the liprin-a/CASK complex reveals that the liprin-a/

CASK interaction is specific to vertebrates. We discovered that

several mutants of CASK found in X-linked mental retardation

(XLMR) patients have decreased affinities for liprin-a. Finally,

the structure of the liprin-a/liprin-b SAM repeat complex pro-

vides mechanistic insights into the assembly of the CASK/

liprin-a/liprin-b ternary suprascaffold.

RESULTS AND DISCUSSION

Mapping of the Interaction between Liprin-a2 and CASK
We chose liprin-a2 for our study because this isoform has been

shown to interact specifically with CASK (Olsen et al., 2005;

Samuels et al., 2007). The first SAM domain (SAM1) of liprin-a2

was shown to be necessary and sufficient for binding to CASK,

and the CaMK domain and the first L27 domain of CASK were

shown to be necessary for CASK to interact with liprin-a2 by

yeast two-hybrid assay (Olsen et al., 2005) (see Figure 1A for

the domain organizations of the two proteins). We first tried to

verify the above findings using purified proteins. We found that

the inclusion of an �25-residue extension at both the N and C

termini of the canonical SAM1 domain boundary (residues

866–1001 for the extended SAM1) is necessary to obtain folded

SAM1 domain. To our surprise, a mixture of the extended SAM1

and CASK_CaMK (with and without the first L27 domain) was

eluted as two separate peaks corresponding to the isolated

CASK_CaMK and SAM1, respectively, in an analytical gel filtra-

tion column, indicating weak or no binding between these two

proteins (data not shown). In contrast, the entire LH region of

liprin-a2 (liprin-a2_LH), composed of its three SAM domains,

coeluted with CASK_CaMK in the analytical gel filtration column

with an elution volume indicative of a molecular mass of�70 kDa

(i.e., a 1:1 liprin-a2_LH/CASK_CaMK complex) (Figure 1B).

Isothermal titration calorimetry (ITC)-based assays showed

that liprin-a2_LH binds to CASK_CaMK with a Kd of �0.6 mM

(Figure 1C). Further extension of liprin-a2_LH did not enhance

its CASK binding (Figure 1D), indicating that liprin-a2_LH

contains the complete CASK binding sequence. Consistent
Mo
with our gel filtration chromatography results, the extended

SAM1 alone binds to CASK_CaMK with a much weaker affinity

(Kd �9 mM) (Figures 1C, middle panel, and 1D). We further

showed that the first L27 domain of CASK is not required for

liprin-a2 binding, as CASK_CaMK alone displayed an affinity

for liprin-a2 equal to that of CASK_CaMK together with the first

L27 domain (Figure 1D). Taken together, the above biochemical

data demonstrate that the three SAM domains of liprin-a2 and

the CaMK domain of CASK constitute the necessary and suffi-

cient elements for the two proteins to form a stable complex.

The above finding also raises the intriguing question of how three

SAM domains together recognize a protein kinase domain,

although an isolated SAM domain has been shown to bind to

the kinase domain of MAP kinases (Qiao et al., 2006; Seidel

and Graves, 2002).

Overall Structure of the Liprin-a2/CASK Complex
To elucidate the molecular details of the liprin-a2/CASK interac-

tion, we determined the crystal structure of the liprin-a2_LH/

CASK_CaMK complex at 2.2 Å resolution (Table 1). Consistent

with the data shown in Figure 1B, each asymmetric unit of the

crystal contains one complex molecule with a 1:1 stoichiometry

(Figure 1E). Except for a 20-residue flexible loop (aa 998–1017)

connecting SAM1 and SAM2 of liprin-a2 and a few residues at

the termini of the two proteins, the electron densities of the

rest of the complex were clearly assigned.

In the complex (Figure 1E), CASK_CaMK adopts a typical

protein kinase fold. The three SAM domains of liprin-a2 pack

sequentially in a head-to-tail manner, forming a linear assembly.

The interaction between CASK_CaMK and liprin-a2 is restricted

to the C-lobe of the CaMK domain. The SAM1 and SAM2

domains of liprin-a2 make extensive contact with the bottom of

the C-lobe of CaMK, and a unique insertion between SAM1 and

SAM2 of liprin-a2 wraps around the backside of the CaMK

C-lobe (relative to theCaMKcatalytic cleft) (Figure 1E). The liprin-

a2_LH/CASK_CaMK complex structure reveals a previously

unknown interaction mode for SAM domains. SAM domains are

best known to form homo- or heterodimers or oligomers and to

interact with non-SAM protein domains and even RNAs (Qiao

and Bowie, 2005). The observation that three SAM domains in

tandem are required for binding to a target protein is unprece-

dented. The structure of the liprin-a2_LH/CASK_CaMK complex

also explains why the extended SAM1 (corresponding to the

canonical SAM1 and the insertion between SAM1 and SAM2) is

not sufficient for liprin-a2 to bind to CASK (Figures 1C and 1D).

The SAM Repeats of Liprins Form Structural
and Functional Supramodules
All liprins contain three highly conserved SAM domains arranged

in tandem at their C-terminal ends (Figure 2A). Although

sequence similarities are low, the overall folds of the three

SAM domains are similar (Figure S1A). In the liprin-a2 structure,

the head-to-tail interactions between the three SAM domains

lead to the formation of two interdomain interfaces (SAM1/2

and SAM2/3) (Figures 1E and 3A). The head face of SAM1 and

the tail side of SAM3 are open in the complex (Figures 1E); as

we show below, these open sides mediate the formation of

liprin-a/b heterodimers. The SAM domains in liprin-a2 are held
lecular Cell 43, 586–598, August 19, 2011 ª2011 Elsevier Inc. 587



Figure 1. Characterization and the Overall Structure of the Liprin-a2 and CASK Complex

(A) Schematic diagrams of the domain organizations of liprin-a and CASK. The figure also illustrates the detailed boundaries of the CASK CaMK domain

(CASK_CaMK) aswell as the three SAM repeats of liprin-a2 (liprin-a2_LH). The regulatory segment of CASK_CaMK is underlined. The color coding of the domains

is used throughout the entire manuscript except as otherwise indicated.
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Table 1. Statistics of Data Collection and Model Refinement

Data Collection

Liprin-a2_LH/

CASK_CaMK

Liprin-a2_LH/

liprin-b1_LH

Space group P41212 P61

Unit cell parameters (Å) a = b = 78.6,

c = 227.4

a = b = 141.9,

c = 181.1

Resolution range (Å) 50–2.2 (2.24–2.2) 50–2.9 (2.95–2.9)

No. of unique reflections 36535 (1780) 45715 (2260)

Redundancy 5.9 (4.1) 5.8 (5.2)

I/s 20.4 (2.3) 20.5 (2.2)

Completeness (%) 98.6 (96.6) 99.5 (99.5)

Rmerge (%)a 7.8 (55.4) 6.8 (62.3)

Structure Refinement

Resolution (Å) 50–2.2 (2.26–2.2) 50–2.9 (2.975–2.9)

Rcryst/Rfree (%)b 19.5 (24.3)/

23.6 (31.5)

21.4 (27.1)/

25.8 (39.1)

Rmsd bonds (Å)/angles (�) 0.011/1.2 0.009/1.3

Average B factor 53.5 102.4

No. of atoms

Protein atoms 4939 8120

Water molecules 110 13

Other molecules 36 30

No. of reflections

Working set 34,619 42,766

Test set 1818 2263

Ramachandran plot

Most favored regions (%) 93.2 89.0

Additionally allowed (%) 6.6 11.0

Generously allowed (%) 0.2 0.0

Numbers in parentheses represent the value for the highest-resolution

shell.
a Rmerge = SjIi � Imj/SIi, where Ii is the intensity of the measured reflection

and Im is the mean intensity of all symmetry-related reflections.
bRcryst = SkFobsj � jFcalck/SjFobsj, where Fobs and Fcalc are observed and

calculated structure factors. Rfree = STkFobsj � jFcalck/STjFobsj, where T

is a test data set of about 5% of the total reflections randomly chosen

and set aside prior to refinement.
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together by H-bonding, hydrophobic, and charge-charge inter-

actions. The interaction between SAM2 and SAM3 is further

stabilized by a connecting a helix (aII-III), which physically staples

the two domains together (Figure 2B). Consistent with the exten-

sive interdomain interactions observed between SAM2 and 3,

we were not able to obtain isolated SAM2 or SAM3 despite

numerous trials with different domain boundaries and expres-
(B) Analytical gel filtration chromatography showing that liprin-a2_LH and CASK

CASK_CaMK remains in its free form in the elution profile of the CASK_CaMK/l

molecular mass markers are indicated at the top.

(C) Example ITC curves showing the mapping of interaction between CASK and l

the CASK_CaMK(1-345), themiddle panel presents the interaction of the extended

reaction of liprin-a2_LH(866-1193) with the W981A mutant of CASK_CaMK(1-34

(D) The dissociation constants of the binding reactions of various forms of CASK

(E) The overall structure of the liprin-a2_LH/CASK_CaMK complex with the color

traceable electron densities is indicated by a dotted line.

Mo
sion conditions. SAM1 contains an additional a helix (aN) at its

N terminus; the extensive hydrophobic contact between aN
and the canonical SAM1 explains why aN is essential for the

preparation of stably folded SAM1 and SAM123 (Figure 2C).

The interaction between SAM1 and SAM23 is strong, as we

were able to obtain a highly stable SAM1/SAM23 complex

simply by mixing isolated SAM1 with SAM23 (data not shown).

The residues forming the inter-SAM interface in liprins are highly

conserved (Figure 2A), suggesting that the linear head-to-tail

assembly of the three SAM repeats is a feature common to all

liprin isoforms. Since both SAM1 and SAM2 of liprin-a2 make

direct contact with CASK_CaMK in the complex structure

(Figures 1D and 1E), the formation of the structurally integrated

SAM123 repeats is functionally required for the formation of

the liprin-a2/CASK complex. Taken together, our structural

and biochemical analysis reveals that liprin-a2 SAM123 acts as

a structural and functional supramodule with its interaction

mode that has not been previously described in SAM domains.

Analysis of SAM domain proteins in mammalian genomes shows

that a number of proteins contain multiple SAM domain repeats

linked closely with each other in their primary sequences (Fig-

ure S1B). It is possible that the formation of SAM domain

supramodules is a feature shared by many multi-SAM domain

proteins. Indeed, a recent structural study of a tandem SAM

domain protein called AIDA-1 showed that its two SAM domains

indeed form a structural supramodule via a similar head-to-tail

interaction mode (Kurabi et al., 2009) (Figure 3A).

Although many head-to-head and tail-to-tail SAM domain

interactions have been reported, all known heterotypic SAM

dimers or specific SAM oligomers are formed via the head-to-

tail assembly mode (Qiao and Bowie, 2005) (Figure 3A), indi-

cating that the head-to-tail SAM domain interaction mode is

a conserved property. Unlike SAM oligomers from polyhomeotic

(Ph), Sexcomb-on-midleg, TEL, and diacylglycerol kinase d1,

which form left-handed helical polymers (Harada et al., 2008;

Kim et al., 2001, 2002), the three SAM domains in liprin-a2 are

arranged in a linear manner (Figure 3B). The structural differ-

ences between the liprin-a2 SAM repeats and the previously

characterized SAM oligomers show that subtle differences in

the head-to-tail interactions between two SAM domains can

lead to profound differences in the higher-order organizations

of SAM oligomers.

The Interaction between CASK and Liprin-a Is Specific
to Mammals
Two distinct interfaces involving a total of �3400 Å2 surface

area mediate the formation of the CASK_CaMK and liprin-a2.

Interface I, which buries �2000 Å2 surface area, is formed by

SAM1 and 2 of liprin-a2 and the bottom of the CASK_CaMK
_CaMK form a 1:1 stoichiometric complex. One can note that about half of

iprin-a2_LH mixture prepared at a 2:1 molar ratio. The elution volumes of the

iprin-a2. The left panel shows the binding curve of liprin-a2_LH(866-1193) with

SAM1(866-1001) with CASK_CaMK(1-345), and the right panel represents the

5).

and liprin-a2 derived from the ITC-based assays.

coding shown in (A). A 20-residue segment in the SAM1 and 2 insertion with no

lecular Cell 43, 586–598, August 19, 2011 ª2011 Elsevier Inc. 589



Figure 2. The Supramodular Assembly Mode of the SAM Repeats in Liprins

(A) The amino acid sequence alignment of the four isoforms of mammalian liprin-a (a1, a2, a3, and a4, indicated by LIPA1, LIPA2, LIPA3, and LIPA4, respectively)

and liprin-a from Drosophila (LIPA_DROME) and C. elegans (LIPA_CAEEL), as well as the mammalian liprin-b isoforms (b1 and b2, shown as LIPB1 and LIPB2,

respectively). Residues that are absolutely and highly conserved are shown in red and yellow boxes, respectively. The secondary structural elements are labeled

above the alignment. The boundaries of the three SAM domains and the insertion between SAM1 and 2 are indicated above the secondary structures following
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Figure 3. TheUnique AssemblyMode of the SAMRepeats in Liprin-a

(A) Comparisons of the head-to-tail SAM/SAM interactions in liprin-a, in the

polyhomeotic-SAM polymer (Ph-SAM, PDB code: 1KW4), and in the SAM

tandem of AIDA-1 (PDB code: 2KIV).

(B) The liprin-a SAM repeats are arranged in a near-linear mode, in contrast to

the helical assembly mode of the SAM polymer from Ph-SAM.
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C-lobe, and interface II, which buries �1400 Å2 surface

area, is formed by a �25-residue insertion connecting SAM1

and 2 of liprin-a2with one side of CaMKC-lobe (Figure 1C). Inter-

face I contains three salt bridges (Arg955SAM1-Glu263CaMK,

His1053SAM2-Glu269CaMK, and Arg1071SAM2-Glu171CaMK) and

several H-bonds (Figure 4A), explaining why SAM2 is required

for liprin-a2 to bind to CASK. Wemeasured the impact of several

point mutations of liprin-a2 and CASK_CaMK that disrupted the

salt bridges (R995ESAM1, H1053ESAM2, and E269ACaMK) on

complex formation. The disruption of each bridge led to �5- to

15-fold decreases in the binding affinity of the complex (Figures

4C and S2).

The residues from liprin-a2 that form interface II of the complex

are conserved but are strictly limited to the a2, a3, and a4 iso-

forms of mammalian liprins. This insertion sequence does not

exist in liprin-a from C. elegans and Drosophila and in mamma-

lian liprin-a1 (Figure 2). In the liprin-a2/CASK complex, Trp981

from the SAM1 and 2 insertion, together with part of Val980,

inserts into a hydrophobic pocket formed by Ile103, Tyr113,

Val117, and Tyr121 of CASK_CaMK (Figure 4B). The Arg106-

Phe111 cation-p pair of CaMK, together with two H-bonds

formed between Asn154CaMK and the backbone of Trp981,

further locks the entire Trp981 into the CaMK hydrophobic

pocket (Figure 4B). We predicted that Trp981 should play a crit-

ical role in the interaction between liprin-a2 and CASK. Notably,

Trp981 is strictly conserved in all liprin-a isoforms containing the

SAM1 and 2 insertion (Figure 2A). In full support of our prediction,

the Trp981Ala substitution completely abolished the binding of

liprin-a2 to CASK (Figure 1C, right panel). As expected, the

removal of the SAM1 and 2 insertion (aa 976–1012) also

completely disrupted liprin/CASK complex formation (Figures

4C and S2). Since the a helix in the SAM1 and 2 insertion

does not make direct contact with CASK_CaMK, we hypothe-
the color scheme shown in Figure 1A. The residues in SAMdomains that form exte

and 2 insertion, which plays a paramount role for liprin-a2 to bind to CASK, is high

SAM domain interactions are also indicated (open circles for the inter-SAM1/2 in

(B) The connecting a helix, aII-III, staples SAM2 and SAM3 together to form an in

(C) An additional a helix (aN) N-terminal to SAM1 stabilizes the domain by extens

Mo
sized that a short stretch of amino acids centered on Trp981 of

liprin-a2 is most critical for binding to CASK. Indeed, an

8-residue synthetic peptide corresponding to residues 978–985

of liprin-a2 (‘‘GNVWVTHE’’) displayed respectable binding to

CASK_CaMK (Kd �36 mM) (Figures 4C and S2). It is noted that

the SAM1 and 2 insertion of human liprin-a2 is encoded by two

short exons (Zürner and Schoch, 2009), suggesting a possible

mechanism for the gain of the insertion during evolution.

The SAM1 and 2 Insertion in Liprin-a2 Is Essential for
Recruiting CASK to Presynaptic Boutons
We next examined whether the SAM1 and 2 insertion in liprin-

a proteins is important for the assembly of the liprin-a/CASK

complex in neurons. Using coimmunoprecipitation (coIP) exper-

iments, we found that the full-length liprin-a2 binds significantly

more CASK than liprin-a1. As a control, both liprin-as bind to

RIM1 with equal efficiency, as they share the same RIM1 binding

sequence in their N-terminal coiled-coil regions (Figure 5C). CoIP

experiments using a liprin-a1 chimera that contains the liprin-a2

SAM1 and 2 insertion (‘‘GFP-liprin-a1(Ins)’’) (Figure 5B), showed

increased CASK binding compared to GFP-liprin-a1 (Figure 5C),

confirming the pivotal role of the SAM1 and 2 insertion in liprin-a2

for binding to CASK.

We next tested whether the SAM1 and 2 insertion is important

for the presynaptic localization of endogenous CASK in cultured

hippocampal neurons. Interestingly, a marked increase in

presynaptic CASK was observed in neurons overexpressing

liprin-a2 (�48%) compared to neurons expressing GFP-liprin-

a1 and GFP alone (Figures 5D and 5E). Expression of GFP-

liprin-a1(Ins) in hippocampal neurons increased synaptic CASK

staining by 23% compared to GFP-liprin-a1 (Figures 5D and

5E). As expected, the synaptic RIM intensities were not sig-

nificantly different in neurons expressing the three forms of the

liprin (Figure 5F). These experiments show that the interaction

of the full-length liprin-a2 with CASK is dependent on the

SAM1 and 2 insertion and that this region is important for recruit-

ing CASK to mature hippocampal presynapses.

The above structural, biochemical, and cellular analyses

clearly demonstrate that the SAM1 and 2 insertion is strictly

required for liprin-a2 (and a3 and a4, as well) to bind to CASK.

More importantly, the above data reveal that liprin-a1 in

mammals and liprin-a from C. elegans and Drosophila do not

bind to CASK/Lin-2, providing a clear mechanistic explanation

for findings from the genetic and biochemical studies showing

that liprin-a and CASK/Lin-2 do not interact with each other in

C. elegans and Drosophila. Since liprins can form oligomers

through both homo- and heterodimerization (Serra-Pagès

et al., 1998; see below for more details), mammalian liprin-a is

capable of linking the Veli/CASK/Mint-1 master scaffold to the

liprin-a-assembled presynaptic protein complexes shared by

all eukaryotes (e.g., LAR, ELKS, RIM, and GIT1) (Ko et al.,

2003a, 2003b; Serra-Pagès et al., 1998). The addition of the
nsive contacts with CASK-CaMK are labeled with triangles. Trp981 in the SAM1

lighted with a star and colored in blue. The residues that are important for inter-

terface and filled circles for the inter-SAM2/3 interface).

separable structural unit.

ive hydrophobic contacts.
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Figure 4. Molecular Details of the Interfaces of the Liprin-a2_LH/

CASK_CaMK Complex

(A and B) Detailed interactions showing the interface I (A) of the liprin-a2_LH/

CASK_CaMK complex formed by SAM1 and SAM2 of liprin-a2with the bottom

face of the CASK_CaMK C-lobe and the interface II (B) formed by the unique

SAM1 and 2 insertion of liprin-a2 and side of the CASK_CaMK C-lobe. In the

drawings, the residues involved in the liprin-a2/CASK interaction are drawn in

the explicit stick model. Hydrogen bonds and salt bridges are indicated by

dashed lines.

(C) The impact of the mutations in the two interfaces on the liprin-a2_LH/

CASK_CaMK complex formation assessed by measuring the quantitative

dissociation constants of the binding reactions using ITC.
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Veli/CASK/Mint-1 master scaffold and its associated proteins to

the active zone transmitter release machinery organized by

liprin-a provides a possible molecular basis for the more elabo-

rate regulation of synaptic activity in higher eukaryotes.

Specificity Determinants of the CASK_CaMK/Liprin-a2
Interaction
CaM-dependent kinases (e.g., CaMKI, CaMKII, CaMKIV, and

DAPKs) share similar kinase domain structures with that of

CASK_CaMK. However, these CaMKs are not likely to bind to

liprin-a, as the critical residues in CASK_CaMK that form inter-

faces I (e.g., Glu171, Glu263, and Glu269) and II with liprin-a

are not conserved in other CaMKs (Figure S3A). Moreover,

the residue corresponding to Val117 (at the base of the

Trp981liprin-a2-accomodating hydrophobic pocket) in CASK is

instead always a negatively charged Asp or Glu in other

CaMKs (Figure S3A). This negatively charged residue and

a highly conserved positively charged residue (corresponding
592 Molecular Cell 43, 586–598, August 19, 2011 ª2011 Elsevier Inc.
to Arg106 in CASK) (Figure S3A) in each of these CaMKs form

a structurally conserved salt bridge (Figure S3B), which would

prevent Trp981liprin-a2 from entering the aD/aE pocket, as

seen in the liprin-a2/CASK complex. In our ITC-based analysis,

the Val117 to Glu substitution of CASK_CaMK indeed com-

pletely disrupted its binding to liprin-a2 (Figures 4C and S2),

presumably because of the formation of a salt bridge between

Arg106 and Glu117. Collectively, the above structural and

biochemical analyses provide a mechanistic explanation for

the high specificity of liprin-a2 for CASK_CaMK. Finally, the

Val117Glu-CASK may be useful as a specific binding-defective

mutant for studying the functions of the liprin-a/CASK complex

in vivo.

CASK_CaMK Adopts an Open Conformation
in the Liprin-a2/CASK Complex
The overall structure of CASK_CaMK in the liprin-a2/CASK com-

plex is highly similar to the structure of the isolated CASK_CaMK

bound to nucleotides (referred to asCASK_CaMKnuc) (Mukherjee

et al., 2008). In particular the conformations of theN- andC-lobes

of CASK_CaMK in the two structures are essentially identical

(rmsd of �0.8 Å for N-lobe and �0.6 Å for C-lobe). However,

the structures of CAMK in the liprin-a2/CASK complex and in

CASK_CaMKnuc do differ in several important aspects. First,

both aR1 and aR2, the two regulatory a helices at the C-terminal

end of the C-lobe in all CaM-dependent kinases, are clearly

defined in the CaMK structure of the liprin-a2/CASK com-

plex (Figure S3A). Importantly, aR2, which is disordered in

CASK_CaMKnuc, inserts into the nucleotide-binding cleft,

thereby preventing ATP from binding to the CaMK domain in

the liprin-a2/CASK complex (Figure S4A). The corresponding

aR2 segments in other CaM-dependent kinases (e.g., CaMKI

and twitchin kinase) in their autoinhibited forms are also found

to insert into their respective catalytic clefts (Goldberg et al.,

1996; Hu et al., 1994). Second, the relative orientations of the

N- and C-lobes in the two CaMK structures are different. The

N-lobe of CaMK in the liprin-a2/CASK complex is rotated by

�12� anticlockwise compared to the CASK_CaMKnuc structure,

and this difference in orientation between the two lobes may be

the result of the insertion of aR2 into the nucleotide binding

pocket (Figure S4A). Therefore, the CaMK domain of CASK in

the liprin-a2/CASK complex adopts an open and inactive

conformation.

The regulatory sequences of CASK_CaMK and that of

CaMKIIa are essentially identical (Figure S4B), suggesting that

CASK_CaMK binds to CaM in a Ca2+-dependent manner.

Indeed, analytical gel filtration-based assays showed that CaM

binds to CASK_CaMK with a high affinity in a Ca2+-dependent

manner (Figure S4C), confirming that the regulatory sequence

of CASK_CaMK contains a CaM binding motif. We further

showed that the binding of Ca2+-CaM has no impact on CASK/

liprin-a2 complex formation (Figure S4C).

XLMR Mutations of CASK_CaMK
The central role that CASK plays in the development ofmammals

is demonstrated by the lethal phenotype of CASK null mutants

(Atasoy et al., 2007; Najm et al., 2008). Mild mutations (e.g., point

substitutions, truncations of internal fragments, or decreased



Figure 5. Liprin-a2/CASK Interaction Induces

Presynaptic Targeting of CASK in Hippocampal

Neurons

(A) Alignment of the region between the first and second

SAM domains of human liprin-a1, a2, Drosophila dliprin-a,

and C. elegans Syd-2. The 37-residue linker is indicated

in blue.

(B) Schematic diagram of the liprin-a1, a2, and mutant

a1(Ins) expression constructs. A small box in blue indi-

cates the presence of a 37-residue linker region between

the first and second SAM domains.

(C) Western blots of immunoprecipitation of GFP-liprin-

a1/a2/a1(Ins) and coIP of HA-CASK or RIM1 (untagged)

from HEK293 cell extracts.

(D) Representative images of hippocampal neurons tran-

sfected with GFP-liprin-a1/a2/a1(Ins) expression con-

structs and imaged for GFP (green) and endogenous

CASK (red).

(E) Quantification of fluorescence intensity of endogenous

CASK at presynaptic sites transfected with GFP-liprin-a

expression constructs (GFP-liprin-a1: 100.0% ± 5.8%,

GFP-liprin-a2: 148.3% ± 4.8%, GFP-liprin-a1(Ins):

123.2% ± 5.8%; n = 100 synapses per group; ***, t test, p <

0.0005). Intensity of synaptic CASK labeling in GFP-liprin-

a1-expressing neurons was set to 100%. The error bars

represent the standard error of the mean (SEM) of the total

number of synapses analyzed.

(F) Quantification of fluorescence intensity of endogenous

RIM at presynaptic sites transfected with GFP-liprin-a

expression constructs (GFP-liprin-a1: 100.0% ± 3.9%,

GFP-liprin-a2: 103.2% ± 4.0%, GFP-liprin-a1(Ins):

107.2% ± 3.3%; n = 100 synapses per group). Intensity

of synaptic RIM labeling in GFP-liprin-a1-expressing

neuronswas set to 100%. The error bars represent SEMof

the total number of synapses analyzed.
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expression levels), three of which occur in the CASK_CaMK

region (Najm et al., 2008; Piluso et al., 2009; Tarpey et al.,

2009), have recently been reported to cause XLMR in humans

(Froyen et al., 2007; Hayashi et al., 2008; Najm et al., 2008; Piluso

et al., 2009; Tarpey et al., 2009). These mutations have diverse

effects on CASK expression and the CASK/liprin-a2 interaction.

The 83G / T CASK mutation is a missense mutation that leads

to the substitution of Arg28 in the N-lobe of CaMK with Leu. This

missense mutation may not directly affect CASK-CaMK func-

tion; instead, it has been shown to cause the partial skipping of

exon2 of CASK (Piluso et al., 2009), leading to lower amounts

of the protein. The dosage dependence of CASK in the involve-

ment of XLMR has also been demonstrated in another study,

which showed that haploinsufficiency of CASK may cause the

disease (Froyen et al., 2007). These human genetic studies indi-

cate that even subtle protein level alterations can drastically alter

neuronal circuit function, possibly by shifting the equilibriums of

CASK with its myriad binding partners.

In addition to XLMRmutations that affect CASK protein levels,

there are mutations that are associated with XLMR that disrupt

CASK/liprin-a2 binding. The 802T / G CASK mutation that

causes XLMR is a missense mutation leading to the substitution
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of Tyr268 with His (Najm et al., 2008; Tarpey

et al., 2009). The structure of the liprin-a2/

CASK_CaMK complex reveals that the side
chain of Tyr268 forms an H-bond with Asn1058 of liprin-a2

SAM2 (Figure 4A). The substitution of Tyr268 with His or Ala

leads to an �3- to 4-fold decrease in the affinity of

CASK_CaMK for liprin-a2 (Figure 4C). Given the dosage-depen-

dent activity of CASK in brain functions, mild liprin-a2 binding

affinity changes such as that induced by the Y268H mutation

of CASK could contribute to the alteration of cognitive functions

observed in XLMR patients. The 915G / A CASK mutation

leads to the skipping of exon9, which encodes aK, aR1, and

part of the CaM binding domain of CASK_CaMK (aa 278–305)

(Figure S3A), and the mutation causes microcephaly (Najm

et al., 2008). We investigated the interaction of a truncated

CASK_CaMK(1-277) with liprin-a2; surprisingly, we found that

no binding could be detected both in ITC- (Figure 4C) and gel

filtration-based assays (Figure 6A). As a control, we demon-

strated that CASK_CaMK(1-277) is properly folded (Figure S5)

and stable in a urea-induced denaturation assay (data not

shown). Since CaM binding to aR2 does not alter the liprin-a2/

CASK_CaMK interaction (Figures S4B and S4C), the loss of

liprin-a2 binding of CASK_CaMK(1-277) is likely the result of

conformational changes in CASK_CaMK induced by the trunca-

tion of aR1. The structure of the liprin-a2/CASK_CaMK complex
86–598, August 19, 2011 ª2011 Elsevier Inc. 593



Figure 6. The Exon9 Skipping-Induced Deletion of aR1 Disrupts the Liprin-a2/CASK Interaction

(A) Analytical gel filtration profiles of the isolated liprin-a2_LH, CASK_CaMK(1-277), and a mixture containing equal molar amounts of the two proteins showing

no interaction between liprin-a2 and the truncated CASK_CaMK lacking aR1. The elution volumes of the molecular mass markers are indicated.

(B) Structural comparison of the Trp981liprin-a2-accomodating hydrophobic pocket of CASK_CaMKwith the corresponding regions in other CaM-binding kinases.

In this comparison, CaMKI (PDB code: 1A06), CaMKII (2BDW), and DAPK2 (2A2A) contain the full CaMK domains (i.e., the minimal kinase domain plus the

regulatory aR1 and aR2 elements), whereas DAPK1 (1JKS) and DAPK3 (3BQR) were crystallized with constructs lacking the regulatory aR1 and aR2 segments.

The axes of aD in the full CaMK and the regulatory segment-truncated CaMK structures are indicated by a gray and a yellow rod, respectively. The SAM1 and 2

insertion and the side-chain of Trp981 (highlighted with the meshed surface) of liprin-a2 are also included in the display.

(C) Representative images of hippocampal neurons cotransfected with GFP-liprin-a2 and HA-CASK or HA-CASK-Dexon9 expression constructs and imaged for

GFP (green) and anti-HA (red).

(D) Quantification of fluorescence intensity of HA-CASK at presynaptic sites transfected with GFP-liprin-a2 expression constructs (HA-CASK: 100.0% ± 3.7%,

HA-CASK-Dexon9: 19.8%± 6.1%; n = 50 synapses per group; ***, t test, p < 0.0005). Intensity of synaptic HA-CASK labeling in GFP-liprin-a2-expressing neurons

was set to 100%. The error bars represent SEM of the total number of synapses analyzed.
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reveals that the aR1 helix interacts intimately with aD, thus

positioning Arg106 in the middle of aD and Phe111 immedi-

ately following aD of CASK_CaMK to interact with Trp981

from liprin-a2 (Figures 4B and 6B). The positions of the aD helix

in the structures of CaM-dependent kinases containing aR1

(e.g., CaMKI, CaMKII, and DAPK1/2/3) are similar to that of the

aD helix of CASK_CaMK in complex with liprin-a2. Interestingly,

DAPK1 and DAPK3 were also crystallized in the absence of their

respective aR1 helices (Figure 6B, green and red ribbons). The

removal of aR1 in both DAP kinases led to a �30� outward

rotation of aD, presumably due to the removal of the constraints

imposed by aR1 (Figure 6B). Similar aD movement is likely to

occur in CASK-CaMK when aR1 is removed due to the exon9
594 Molecular Cell 43, 586–598, August 19, 2011 ª2011 Elsevier Inc.
skipping. The exon9 skipping-induced aD movement may

cause the opening of the Trp981liprin-a2 binding pocket (Figures

4B and 6B), thus disrupting the CASK/liprin-a2 interaction.

Consistently, singly expressed HA-CASK in hippocampal

neurons was found largely diffused in axons (data not shown).

Coexpression of liprin-a2 did not induce the synaptic targeting

of a CASK construct that lacks exon9 (HA-CASK-Dexon9), as it

did to wild-type HA-CASK (�80% difference) (Figures 6C and

6D). However, it should be pointed out that XLMR caused by

CASK mutations could occur via mechanisms unrelated to

liprins. Regardless of the exact mechanism underlying CASK

mutation-linked XLMR, the structure of CASK_CaMK provides

a basis for future functional studies of the involvement of CASK
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in the disease. Additionally, the above data suggest that liprin-a2

interactions play an important role in targeting CASK to presy-

napses and that the disruption of this interaction may lead to

some forms of XLMR.

Structure of the Liprin-aDInsertion-LH/Liprin-b-LH
Heterodimer
To further characterize the role that liprins play in signaling

complex organization, we studied the interaction between the

a and b isoforms of liprins. As observed in liprin-a, the SAM

repeats of liprin-b also adopt a stable monomer in solution (Fig-

ure 7A). We demonstrate that a-LH and b-LH form a specific

heterodimer when mixed together (Figure 7A). The formation

of the a/b-LH heterodimer does not depend on the presence

of the SAM1 and 2 insertion, as its deletion from a2-LH

(a2-LHDInsertion) does not affect the heterodimer formation

(Figures 7A and S6). Thus, formation of the a/b-LH heterodimer

is a property common to all isoforms of the two liprin subfam-

ilies. An ITC-based binding assay revealed that the LH-a2 and

LH-b1 complex has a Kd of �5 mM (Figure S6).

We next solved the crystal structure of the a2-LHDInsertion/

b1-LH complex at a 2.9 Å resolution (Table 1). Although the reso-

lution of the structure is low and the average B factor of the final

refined model is very high, the overall assembly mode and the

interactions in the interface between a2-LH and b1-LH can be

clearly interpreted. Like a2-LH, b1-LH contains three SAM

domains arranged in a head-to-tail manner (Figure 7B). SAM1

of a2-LH interacts with SAM3 of b1-LH via the head-to-tail

SAM domain assembly mode, burying a total of �1000 Å2

surface area. The a2-LH/b1-LH complex forms an elongated

rod-shaped structure (Figure 7B). Despite their low sequence

identity, a2-LH and b1-LH have similar overall structures, with

an rmsd of 1.8 Å (Figure S7A). A major structural difference

between the two SAM repeats is that b1-LH lacks the aN helix

seen in a-LH SAM1. Instead, b1-LH contains an additional helix

at the C terminus of SAM3 (aC) (Figures 7B and S7A). This struc-

tural difference is likely to play a role in the distinct target binding

properties of the two subfamilies of liprins (e.g., a-LH, but not

b-LH, can specifically bind to LAR) (Serra-Pagès et al., 1998).

The unbiased simulated annealing omit maps of the residues

in the interface of the liprin-a/b complex (Figure S7B) show

that the quality of the structure model is reasonably good and

the intermolecular interactions are clearly interpretable. The

SAM1a2/SAM3b1 interaction includes hydrogen bonding, hydro-

phobic, as well as charge-charge interactions between the resi-

dues in aI3 and aI4 of a2-LH and those in aIII5 of b1-LH (Figures

7C and S7C). Among the residues in the a-LH/b-LH complex,

Arg823b1 and Glu782b1 form salt bridges with Glu938a2 and

Lys926a2, respectively. Breaking either of these salt bridges

through mutagenesis disrupts the interaction between a2-LH

and b1-LH (Figure S6). Leu820b1, which is strictly conserved in

liprin-b and is located at the center of the SAM1a2/SAM3b1 inter-

face, inserts into a hydrophobic pocket formed by four highly

conserved hydrophobic residues (Val925a2, Ile930a2, Leu934a2,

and Ile943a2) in SAM1a2 (Figure 7C). Consistent with this anal-

ysis, disrupting this hydrophobic interaction totally abolishes

a2-LH/b1-LH complex formation (Figure S6). Glu942a2 contrib-

utes to the a2-LH/b1-LH interaction by forming hydrogen bonds
Mo
with two main-chain atoms in SAM3b1 and thus fixing the posi-

tion of Leu820b1 for the interdomain hydrophobic interaction

mentioned above. Accordingly, the substitution of Glu942a2
with Ala eliminates the b1-LH binding capacity of a2-LH

(Figure S6).

The a2-LHDInsertion/b1-LH structure also provides clear expla-

nations as to why a-LH and b-LH do not form homo-oligomers

and why the a2-LH/b1-LH complex exists only as a heterodimer

instead of a polymer, even though the potential binding sites of

SAM3a2 and SAM1b1 are open in the heterodimer and neither

SAM1a2 aN nor SAM3b1 aC would occlude head-to-tail SAM/

SAM interactions (Figure 7B). Specifically, the residue corre-

sponding to Leu820b1 in liprin-a SAM3 is a conserved Gln,

explaining why SAM3 of liprin-a cannot interact with SAM1 of

liprin-a or b to form liprin-a homo-oligomers or to allow further

oligomerization of the a2-LH/b1-LH heterodimer (Figures 7C

and S7C). Although the residues in SAM1a2 forming the

SAM3b1 binding hydrophobic pocket are largely conserved in

SAM1 of liprin-b (Figure S7C), the corresponding hydrophobic

pocket in SAM3b1 is occluded by a bulky Trp (Trp630b1) at its

center, preventing its own SAM1 from binding; this explains

why b-LH cannot form head-to-tail homo-oligomers (Figures

S6B and S7D). We note with interest that SAM1 is the most

conserved SAM domain in a-LH and that SAM3 is the most

conservedSAMdomain in b-LH throughout evolution (Figure 7B).

It is tempting to speculate that, during evolution, the conserved

SAM1a/SAM3b interaction may have limited amino acid

sequence diversification of these two SAM domains.

The a-LH/b-LH Heterodimer Is Open to Organize
Supramolecular Protein Complexes
In the a2-LHDInsertion/b1-LH structure, the three SAM domains of

a2-LH adopt essentially the same conformation as those in the

liprin-a2_LH/CASK_CaMK complex (rmsd of 0.7 Å). Importantly,

despite being involved in binding to both CASK and b1-LH,

SAM1a2 uses two completely nonoverlapping surfaces to

interact with its two targets (Figures 1E and 7A), suggesting

that a2-LH can bind to CASK and liprin-b simultaneously.

Consistent with the above structural analysis, analytical gel filtra-

tion chromatography showed that CASK_CaMK, a2-LH, and

b1-LH interact with each other to form a stable ternary complex

in solution (Figure 7D). We built a ternary CASK_CaMK/a2-LH/

b1-LH complex model by superimposing a2-LH from the

CASK_CaMK/a2-LH and a2-LHDInsertion/b1-LH complex struc-

tures. Consistent with the gel filtration analysis, there is no over-

lap at all between CASK_CaMK and b1-LH in the ternary

complex model (Figure 7E). Given that liprin-b displays its own

unique target binding properties (Serra-Pagès et al., 1998), the

liprin-a/b complex can serve as a core scaffold for assembling

very large protein complexes involved in the regulation of many

cellular functions, including synaptic signaling and development,

cell adhesion and migration, and cell polarity (Figure 7F).

In summary, the structures of the liprin-a2_LH/CASK_CaMK

and liprin-a2_LHDInsertion/liprin-b1_LH complexes presented in

this work, together with biochemical and cellular studies, reveal

that the liprin-a/CASK interaction is a newly acquired function

unique to higher eukaryotes and that this interaction may be

linked to the higher-order brain functions of mammals. The
lecular Cell 43, 586–598, August 19, 2011 ª2011 Elsevier Inc. 595



Figure 7. The a2-LH and b1-LH Form a Head-to-Tail Heterodimer

(A) Analytical gel filtration profiles of a2-LHDInsertion, b1-LH, and their 1:1 mixture.

(B) The ribbon representation of the overall structure of the a2-LHDInsertion/b1-LH complex. The disordered region in the SAM1/2 loop of a2-LH is indicated by

a dashed line. The percentages of sequence identity of each SAMdomain, which are derived from the sequence alignment analysis of members of the liprin-a and

liprin-b families found in different species, are indicated below the corresponding domains.

(C) Molecular details of the a2-LH/b1-LH complex interface formed by SAM1a2 and SAM3b1.

(D) Analytical gel filtration chromatography showing that the binding of b1-LH to a2-LH does not interfere with the interaction between CASK_CaMK and a2-LH.

(E) The structure model of the CASK_CaMK/a2-LH/b1-LH ternary complex.

(F) Summary models showing liprin-mediated assembly of large signaling complexes in vertebrates and invertebrates. Binding of LAR to liprin-a2 does not

interfere with its interactions with CASK or liprin-b (our unpublished data). The interaction between CASK and liprin-a is specific to vertebrates.
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liprin-a2_LH/CASK_CaMK complex structure also uncovers

target binding modes both for the SAM repeats of liprin-a and

the kinase-like domain of CASK. The formation of the liprin-a/

liprin-b heterodimer provides a molecular basis for the liprin-

mediated organization of supramolecular assemblies for diverse
596 Molecular Cell 43, 586–598, August 19, 2011 ª2011 Elsevier Inc.
cellular functions. A number of CASK mutations found in

XLMR patients have been found to disrupt CASK’s binding to

liprin-a, and this finding is consistent with the essential roles

that liprin-a plays in both brain development and synaptic activity

regulation.
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EXPERIMENTAL PROCEDURES

Protein Preparation

The LH region (866–1193) of human liprin-a2 and the LH region (593–853) of

mouse liprin-b1 were expressed in and purified from bacterial cells (see

Supplemental Information for detailed construct and protein purification

information).

Analytical Gel Filtration Chromatography

Analytical gel filtration chromatography was carried out on an AKTA FPLC

system (GE Healthcare) using a Superose 12 10/300 GL column (GE Health-

care) with the column buffer of 50 mM Tris-HCl, 100 mM NaCl, 1 mM DTT

(pH 7.5). When necessary, this column buffer was supplemented with either

2 mM CaCl2 or 1 mM EDTA.

Crystallography

The liprin-a2_LH/CASK_CaMK complex crystals were obtained by hanging

drop vapor diffusion method at 16�C at a complex concentration of 8 mg/ml

in the crystallization solution containing 1.4 M (NH4)2SO4, 0.2 M NaCl, 0.1 M

MES (pH 6.5). The diffraction data were collected at Shanghai Synchrotron

Radiation Facility. The initial phase was determined by molecular replacement

using the CASK_CaMKnuc model (PDB code: 3C0G) and the P73a SAMmodel

(PDB code: 1DXS) as the searching templates. The liprin-a2_LHDInsertion/liprin-

b1_LH complex crystals were also obtained by hanging drop vapor diffusion

method at 16�C at a complex concentration of 18 mg/ml in 3%–5%

PEG8000, 0.15 M NaCl, 0.1 M Bis-Tris (pH 6.0). The initial phase was deter-

mined by molecular replacement using the liprin-a2_LH structure as the

searching model. The detailed X-ray crystallographic methods can be found

in the Supplemental Information. All structure figures were prepared by

PyMOL (http://www.pymol.org/).

Isothermal Titration Calorimetry Analysis

All ITC experiments were carried out on a VP-ITC Microcal calorimeter at

25�C. ITC data were analyzed using program Origin7.0 by Microcal (see

Supplemental Information for more details).

Cell Culture, Immunocytochemistry, Image Analysis,

and Quantification

Details of the constructs for the full-length liprin-a1, liprin-a2, CASK, and their

derivatives are described in the Supplemental Information. Primary hippo-

campal cultures, transfections, and immunocytochemistry of cultured neurons

are also described in the Supplemental Information.

Confocal images of transfected neurons were acquired on a Zeiss LSM 510

confocal microscope, and images were processed usingMetaMorph software

(Universal Imaging Corporation). Statistical analysis was performed with

Student’s t test assuming two-tailed distribution and unequal variation (see

Supplemental Information for details).

ACCESSION NUMBERS

The atomic coordinates of the liprin-a2_LH/CASK_CaMK and liprin-

a2_LHDInsertion/liprin-b1_LH complexes have been deposited at the Protein

Data Bank under the accession codes of 3TAC and 3TAD, respectively.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

Supplemental References, and seven figures and can be found with this article

online at doi:10.1016/j.molcel.2011.07.021.
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