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(Background: Tandem L27 domains are important for multidomain proteins to assemble into supramolecular complexes for
Results: Tandem L27 domain-mediated tripartite Patj/Pals1/Mals2 and DLG1/CASK/Mals2 complexes form in a mutually
Conclusion: The mutually independent assembly mode may be a novel mechanism for tandem L27 domain-mediated, tripartite

Significance: These findings reveal the distinct mechanism of tandem L27 domain-mediated assembly of obligate supramo-

J

The assembly of supramolecular complexes in multidomain
scaffold proteins is crucial for the control of cell polarity. The
scaffold protein of protein associated with Lin-7 1 (Pals1) forms
a complex with two other scaffold proteins, Pals-associated tight
junction protein (Patj) and mammalian homolog-2 of Lin-7
(Mals2), through its tandem Lin-2 and Lin-7 (L27) domains to
regulate apical-basal polarity. Here, we report the crystal struc-
ture of a 4-L27 domain-containing heterotrimer derived from
the tripartite complex Patj/Pals1/Mals2. The heterotrimer con-
sists of two cognate pairs of heterodimeric L27 domains with
similar conformations. Structural analysis and biochemical data
further show that the dimers assemble mutually independently.
Additionally, such mutually independent assembly of the two
heterodimers can be observed in another tripartite complex,
Disks large homolog 1 (DLG1)/calcium-calmodulin-dependent
serine protein kinase (CASK)/Mals2. Our results reveal a novel
mechanism for tandem L27 domain-mediated, supramolecular
complex assembly with a mutually independent mode.

Establishment of cell polarity is indispensable for most
eukaryotic cell functions. The asymmetric distribution of a set
of evolutionarily conserved cell polarity proteins or lipids is
required for establishing and maintaining cell polarization (1,
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2). Many of these conserved proteins are multidomain scaffold
proteins, and they often interact with each other to assemble
supramolecular protein complexes, thereby mediating the fun-
damental process for cell polarity (3, 4). The L27 domain, ini-
tially identified in the Caenorhabditis elegans Lin-2 and Lin-7
proteins (5), exists in many scaffold proteins and is involved in
assembling essential supramolecular protein complexes that
play critical roles in cell polarity (6 -11).

Pals1, also known as membrane-associated palmitoylated
protein 5 (MPP5),® belongs to the membrane-associated gua-
nylate kinase (MAGUK) family and contains two tandem L27
domains called L27N and L27C, a PDZ domain, an SH3
domain, and a guanylate kinase (GuK) domain (see Fig. 1A4). Patj
contains one N-terminal L27 domain that mediates binding to
the L27N domain in Pals1 followed by 10 PDZ domains (see Fig.
1A) (10). Mammalian homolog of Lin-7 (Mals) has three genes
(Mals1, Mals2, and Mals3) in mammals, and each encodes a
small protein containing an L27 domain, which binds the L27C
domain of Pals1, and a PDZ domain (see Fig. 14) (6, 12, 13).
Loss of Mals destabilizes Pals1, leading to tight junction defects
(14). When the Mals genes were genetically disrupted in a
mouse model, Patj and Pals1 were lost from the apical surface,
suggesting that L27 domain-mediated, tripartite Patj/Pals1/
Mals complex assembly is essential for apical-basal polarity
(15, 16).

The structural basis of cognate L27 domain heterodimer
assembly has been studied extensively by NMR and x-ray
crystallography and has previously led to the proposal of a
unified model of symmetric L27 homotetramers (dimer of
heterodimers) (17-20). Recently, the structure of a tandem
L27 domain-mediated tripartite 127y 5,/(L27N-L27C),1pp-/
L27, 1.3 complex showed the asymmetric, cooperative assembly

3The abbreviations used are: MPP5, membrane-associated palmitoylated
protein 5; CASK, calmodulin-dependent serine protein kinase; TEV,
tobacco etch virus; SV, sedimentation velocity; SE, sedimentation equilib-
rium; Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]lglycine.
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of a heterotrimer consisting of two cognate pairs of heterodimeric
L27 domains (21).

In this study, we solved the crystal structure of the L27
domain heterotrimer from the tripartite complex Patj/Pals1/
Mals2. The structure of the L27 domain complex, together with
data derived from various biochemical studies, establishes a
novel, symmetric, and mutually independent assembly mode of
heterotrimer formation mediated by tandem L27 domains in
the specific tripartite Patj/Pals1/Mals2 complex. Additionally,
we showed that another specific tripartite DLG1/CASK/Mals2
complex is also formed via tandem L27 domain-mediated, sym-
metric, and mutually independent assembly.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—To construct a single-
chain fusion protein of the L27;,;/(L27N-L27C)p 15, /L27 10150
complex (supplemental Fig. S1A and molecule 1 in supplemen-
tal Fig. S1C), DNA fragments corresponding to the L27
domain of rat Patj (residues 1-68), the tandem L27 domains
of human Pals1 (residues 119-232), and the L27 domain of
mouse Mals2 (residues 3—66) were amplified by PCR and
linked with two rhinovirus 3C protease-cleavable segments
(Leu-Glu-Val-Leu-Phe-GlIn-Gly-Pro), and a triglycine cas-
sette (GGQ) was inserted before the second 3C protease-
cleavable segment. The single open reading frame was
cloned into the pET32a vector (Novagen, San Diego, CA), in
which the S-tag and the thrombin recognition site were replaced
with a sequence encoding a tobacco etch virus (TEV) protease-
cleavable segment (Glu-Asn-Leu-Tyr-Phe-Gln-Ser).

BL21(DE3) CodonPlus Escherichia coli cells harboring the
expression plasmid were grown in LB medium at 37 °C until the
Agoo reached 0.6 and then induced with 0.3 mm isopropyl-B-p-
thiogalactoside at 16 °C for ~16-18 h. After centrifugation at
5000 rpm for 15 min, E.coli cells were resuspended in
T 5oN50ls buffer (50 mm Tris-HCI, pH 7.9, 500 mm NaCl, and 5
mM imidazole) supplemented with 1 mm phenylmethylsulfonyl
fluoride, 1 pg/ml leupeptin, and 1 pg/ml antipain. The cells
were then lysed by sonication. After the lysates had been cen-
trifuged at 18,000 rpm for 30 min, the supernatant was loaded
onto a nickel-nitrilotriacetic acid-agarose column (Qiagen,
Valencia, CA) that was equilibrated with T,N,,,I5 buffer. The
nickel-nitrilotriacetic acid column was washed with 3 column
volumes of T, NI buffer. The His,-tagged protein was
eluted with T NI buffer containing 500 mm imidazole. The
eluted proteins were digested with TEV protease overnight to
remove the N-terminal His, tag and then loaded onto a HiLoad
26/60 Superdex 200 size-exclusion column (GE Healthcare)
and eluted with T, N, E, D, buffer (50 mm Tris-HCI, pH 8.0, 50
mMm NaCl, 1 mm EDTA, and 1 mm DTT) at a flow rate of 2.5
ml/min. Each fraction of the column eluate was 5 ml. The sin-
gle-chain fusion protein peak of the L27,;/(L27N-L27C);,, /
L271a1s> complex was identified by SDS-PAGE, and the corre-
sponding fractions were pooled and concentrated to 90 mg/ml
for crystallization trials. To obtain the three separate chains of
the L27;,;/(L27N-L27C) ;51 /1.27 1150 complex (supplemental
Fig. S2A), 3C protease was added to the single-chain fusion
protein to cleave the covalent linker. A Se-Met-substituted
version of the L27;,/(L27N-L27C) 151 /127 1, single-chain
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fusion protein was produced following the same protocol that
was used for the wild-type protein, with the exception that
methionine auxotroph E. coli B834 (DE3) cells and LeMaster
medium were used to express the recombinant protein.

For the GB1-L27p,;/(L27N-L27C) py1s1/27 yraiso Single-chain
fusion protein (molecule 2 in supplemental Fig. S1C), a Bl
domain of streptococcal protein G (GB1) tag was fused to the
N terminus of molecule 1, and a TEV protease-cleavable
segment (Glu-Asn-Leu-Tyr-Phe-GIn-Ser) was inserted
between amino acids Ala'®* and Ser'?® in the linker region
between the tandem L27 domains of (L27N-L27C)p, .-
These tandem L27 domains were designated (L27N-TEV-
L27C)p,s;- Protein expression and purification were per-
formed using methods similar to those used for the single-
chain fusion protein of the L27,,,;/(L27N-L27C)p,,/
L27,1.s» complex mentioned above. To prepare protein
sample for biochemical analysis, the GB1-L27p,,/(L27N-
27C) pa1s1/L27 pa1s2 Single-chain fusion protein was digested
with 3C protease to obtain three separate chains for the GB1-
L27p,45/(L27N-TEV-L27C)p 15, /L27 \pa15o cOmplex (complex
1inFig. 4, A and B). To obtain the complexes of GB1-L27y,;/
L27Npas (complex 3 in Fig. 4, A and B) and L27C,,,/
L27 \tais» (complex 4 in Fig. 4, A and B), the single-chain
fusion protein was first digested with TEV protease and then
loaded onto a Mono Q column (GE Healthcare) to individu-
ally obtain each covalently linked GB1-L275,;-L27N,,,; and
L27Cp,151-L27 \pa15> complex. The GB1-L27,,;,-L27Np,; and
the L27Cp,151-L27 \1a1s2 cOmplexes were identified by SDS-
PAGE according to their different molecular masses. Each
complex was pooled and then digested with 3C protease to
cleave the covalent linker. It was noted that L27Nyp,.;,
L27Cpa61, and L27,,,,,, migrated as band on 15% Tricine-
SDS-PAGE gels because of their similar molecular masses
(7633.7, 7178.1, and 7452.5 Da, respectively) (see Fig. 4, B
and D).

For the L27p, 5:/(L27N-3C-L27C)cpsi/L27 \ia1s2  Single-
chain fusion protein (molecule 3 in supplemental Fig. S1C), the
DNA sequences encoding the L27 domain of rat DLG1 (resi-
dues 1-65), tandem L27 domains of mouse CASK (residues
329-460), and L27 domain of mouse Mals2 (residues 2—78)
were amplified by PCR. The three fragments were fused into a
single open reading frame using two human thrombin-cleav-
able segments (Leu-Val-Pro-Arg-Gly-Ser). Furthermore, a 3C
protease-cleavable segment was inserted between the amino
acids Ile*'? and Arg*'? in the linker region between the tandem
L27 domains of (L27N-L27C) - i These tandem L27 domains
are designated (L27N-3C-L27C)c k- The single-chain DNA
sequence was cloned into an in-house-modified version of the
pET32a vector in which the S-tag was removed. The L27; 5,/
(L27N-3C-L27C) ca51/L27 1155 fusion protein was produced
by following a protocol similar to that used for the single-chain
fusion protein of the L27,;/(L27N-L27C);,41/L27 15, cOm-
plex. Finally, the single-chain fusion protein was digested with
thrombin to form the three separate chains of the L27,; 5,/
(L27N-3C-L27C) cp51c/L27 115> cOmplex.

Analytical Ultracentrifugation—Sedimentation velocity (SV)
and sedimentation equilibrium (SE) experiments were per-
formed in a Beckman Coulter XL-I analytical ultracentrifuge
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(Beckman Coulter) using double-sector or six-channel center-
pieces and sapphirine windows. Before the experiments, the
proteins were transferred to buffer containing 50 mm PBS, pH
7.4, 100 mm NaCl, and 1 mm EDTA by Superose 12 10/300 GL
column (GE Healthcare). Proteins at absorbances of 0.6 and 1.2
at 280 nm were loaded into double-sector cells for SV experi-
ments, which were conducted at 42,000 rpm and 10 °C and with
absorbance detected at 280 nm. For SE experiments, data were
collected at 4,000, 22,000, and 27,000 rpm and 4 °C by interfer-
ence detection using six-channel cells. The concentrations of
the proteins were ~27 and 40 uM. The buffer composition
(density and viscosity) and protein partial specific volume
(V-bar) were obtained sing the SEDNTERP program (available
through the Boston Biomedical Research Institute). The SV and
SE data were analyzed using the SEDFIT and SEDPHAT pro-
grams (22, 23), respectively.

Crystallization and Data Collection—The wild-type L27,,;/
(L27N-L27C)p51/L27 ppa1s2 Protein complex in the single-chain
fusion form (90 mg/ml in T, N,,E,D, buffer) was crystallized
using sitting drop vapor diffusion equilibrated with a reservoir
solution of 2.8 M sodium acetate trihydrate, pH 7.0. Crystals
were grown over 1 month at 20 °C and directly flash-frozen in
liquid nitrogen. The Se-Met-substituted crystals were pro-
duced in the same manner as the wild-type crystals. Diffraction
data sets were collected using beamline BL17U1 at the Shang-
hai Synchrotron Radiation Facility (SSRF) and processed using
the HKL2000 software (24). Both wild-type and Se-Met-substi-
tuted crystals belonged to the space group P6,22. The wild-type
crystals diffracted to 2.05 A, with unit cell dimensions of a =
1452 A, b = 145.2 A, and ¢ = 202.5A. Single anomalous data
were collected for Se-Met-substituted crystals at the selenium
peak wavelength. Se-Met-substituted crystals diffracted to 2.7
A, with unit cell dimensions of a = 145.1 A, b = 145.1 A, and
c=2024A.

Structure Determination and Refinement—The HKL2MAP
program (25) was used to search eight selenium sites in one
asymmetric unit cell. The initial phases were then calculated by
PHENIX software (26). Model building and refinement were
performed using COOT (27) and PHENIX (28). After the initial
main-chain model was built, the wild-type data were applied to
carry out iterative refinement to assign all side chains. The final
structure had an R, value of 18.0% and an R, value of
22.1%. The Ramachandran plot generated by the program
PROCHECK (29) shows that 95.0% residues are in their most
favored regions, 4.6% residues are in additional allowed regions,
0.4% residues are in generously allowed regions, and no residue
is in disallowed regions. Detailed data collection and refine-
ment statistics are summarized in supplemental Table S1. All
figures were made with the PyMOL program (30).

Glutathione S-Transferase(GST) Pulldown Assays—GST-
L27p,; GST-Mals2, and GST-Palsl fusion proteins were
expressed in E. coli BL21 (DE3) CodonPlus cells and purified
using a glutathione-Sepharose 4B column (GE Healthcare) and
a Superdex 200 size-exclusion column. Transfected HEK293T
cells were lysed using 500 ul of ice-cold cell lysis buffer (50 mm
Tris-HCI, pH 7.4, 150 mm NaCl, 10% glycerol, 1% Nonidet P-40,
1 mM phenylmethylsulfonyl fluoride, 1 ug/ml leupeptin, and 1
pg/ml antipain) and cleared by centrifugation at 13,000 rpm for
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FIGURE 1. Structure of L27 heterotrimer. A, schematic of the domain orga-
nization of rat Patj, human Pals1,and mouse Mals2. The dashed circle indicates
the tripartite complex consisting of four L27 domains. The L27 domains of
Patj (L27p,y), Pals1 ((L27N-L27C)p,;), and Mals2 (L27,,) are shown in red,
cyan, and gold, respectively. GuK, guanylate kinase. B, graphic representation
of the overall structure of the heterotrimer colored as in A. Two a-helices
formed by artificial linkers are not shown in the figure for clarity.

20 min at 4 °C. Soluble fractions were incubated with GST
fusion proteins at 4 °C for 2 h. Glutathione-Sepharose 4B beads
(GE Healthcare) were then added for further incubation at 4 °C
for 2 h. The beads were washed with cell lysis buffer and boiled
in SDS sample buffer. The prepared samples were separated by
SDS-PAGE and analyzed using Western blots.
Co-immunoprecipitation—HEK293T cells were plated at
~6.5 X 10° cells in 10-cm dishes. The following day, 70 —80%
confluent cells were transfected with the indicated amounts
and various combinations of plasmids. At 24 h after transfec-
tion, HEK293T cells were lysed and cleared by centrifugation at
13,000 rpm for 20 min at 4 °C. The supernatants were then
incubated with anti-GFP antibody (1 ug) at 4 °C for 2 h. The
immune complexes were immobilized on protein A/G agarose
beads (Pierce) for an additional 2 h. The resin was washed three
times with cell lysis buffer and eluted with SDS sample buffer.
Samples were then subjected to Western blot analysis.

RESULTS
Assembly of L27 Domain Heterotrimer—To identify a suita-

ble L27 domain complex for crystallization, several constructs
from the same or different species were designed and tested for
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FIGURE 2. Binding specificity in L27 domain heterotrimer. A, graphic representation of individual L27 domains. L27;,;, L27Np, g1, L27Cp, q, and L27 ., are
shown in red, green, blue, and gold, respectively. B, stereo view of the superimposition of the two heterodimers. C, bar graph of surface complementary (Sc)
values of heterodimeric, L27 domain complexes. D, electrostatic surface representation of (L27N-L27C),,,.,. Positive, negative, and neutral charges are shown
in red, blue, and white, respectively. The graphic representation of L27;,,; and L27 s, is shown in red and gold, respectively.

protein expression and purification. After extensive crystal
screening, high-quality crystals were obtained only with the
construct containing the L27 domain of rat Patj (L27;,), the
tandem L27 domains of human Pals1 ((L27N-L27C);,.;), and
the L27 domain of mouse Mals2 (L27,5,). L27p,, (L27N-
L27C)pas1, and L27, 4,5, Were fused into a single polypeptide by
two 3C protease-cleavable segments. An additional GGG cas-
sette was inserted before the second 3C protease cleavage seg-
ment (supplemental Fig. S1, A and C). This technique, which
has been used extensively in the determination of L27 domain
structures by our laboratory and others, does not alter the
global structure of the complexes (17, 19-21). The purified
L2754/ (L27N-L27C)p 1, /127 11, complex, both as a single-
chain fusion and as three separate chains, eluted as a single peak
from an analytical gel filtration column with a molecular mass
corresponding to that of the heterotrimer (supplemental Fig.
S2, A-C). Analytical ultracentrifugation confirmed that the
L2754/ (L27N-L27C)p 1, /127 1,1, complex assembled into a
heterotrimer with a molecular mass of ~30.4 and ~32.3 kDa
for complexes with and without covalent linkers, respectively
(supplemental Fig. 52, D-G). We conclude that the 1.27;,,/
(L27N-L27C) 161 /L27 115> complex forms a heterotrimer con-
taining four L27 domains.

Structure of L27 Domain Heterotrimer—The structure of the
L27 domain heterotrimer was determined using single-wave-
length anomalous dispersion. The Fourier map calculated from
the initial single-wavelength anomalous dispersion phases
showed that the four molecules of the L27;,,/(L27N-
L27C)pa1s1/L27 \ra1so cOmMplex were present in one asymmetric
unit (supplemental Fig. S3). The four molecules were similar in
structure, with a root mean square deviation of less than 0.61 A
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for the 245 Ca atoms. Therefore, we discuss only molecule A
(colored red in supplemental Fig. S3) in the following section.

The overall structure of the L27,,,/(L27N-L27C)p,,/
L271a1s> cOmplex consists of two cognate pairs of L27 domain
heterodimers (L27p,;/L27Np,5, and L27Cp,15, /127 yy,) con-
nected by the hinge region between L27Ny_,; and L27C;,,;
(Fig. 1Band supplemental Fig. S1B). Each L27 domain had three
a-helices, although they share only 5-14% amino acid sequence
identity (Figs. 1B and 2A and supplemental Fig. S4). The super-
imposition of the heterodimeric L27;,,;/L27Np,,, onto
L27Cpa161/L27 \ya1s> showed that these two heterodimers have
similar conformations (Fig. 2B). The buried surface area was
calculated using the AREAIMOL program (31) and was 2512.4
A? for the L27p,/L27Np,5;, heterodimer and 2471.6 A for the
L27Cp161/L27 \pais2  heterodimer, indicating that these two
dimers pack tightly. Furthermore, the calculation of the surface
complementary value (32) showed that the L27N,,; and
L27Cp,; domains are complementary to the L27;,; and
L27a1s» domains, respectively, but cannot be exchanged (Fig.
2C), indicating that each cognate pair of L27 heterodimers
(L27p,/L27Npy; and L27Cy 1 /L274,15) s an integral struc-
tural unit for each L27 heterodimer assembly.

Although there are similarities in conformation and buried
surface area, when assembled in this heterotrimer complex,
L27p,4/L27Np,5; and L27Cp,1, /127 ,, do not interact with
each other (Fig. 3A4), indicating that each L27 heterodimer is
formed mutually independently. This result contrasts sharply
with previous findings that two L27 heterodimers are asymmet-
ric and cooperative in the L275; 4,/(L27N-L27C)1pp7/L27 \1a1s3
heterotrimeric complex (21). To verify our findings, we per-
formed a GST pulldown assay. Our results showed that L275,;
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FIGURE 3. Dissection of L27 heterotrimer assembly. A, schematic illustration of detailed, noncovalent interactions within the interface between L27;,,; and
L27Np,5; of one heterodimer and L27C,,5; and L27,,, of the other heterodimer. Residues from L27;,, L27Npy51, L27Cp,1, and L27 ., are shown in red,
green, blue, and gold ellipses, respectively. Residues involved in the interactions are indicated in the corresponding color. Hydrophobic interactions and
hydrogen bonds between residues are designated by gray and red dashed lines, respectively. B and C, GST pulldown experiments with L27,,/Pals1 (B) or
Mals2/Pals1 binary complexes (C) and L27;,,/Pals1/Mals2 ternary complex formation (B and C). Precipitated proteins were visualized by first blotting with
anti-Myc antibody and then stripping the membrane and immunoblotting with anti-HA antibodies. Input represents 1% of the cell lysis used in the assay.

bound Pals1 with similar affinities in the absence or presence of
Mals2 (Fig. 3B) and vice versa (Fig. 3C).

Surface electrostatic analysis suggested that the assembly of
the L27;,;/L27Npy; and L27Cp,, /L2715, heterodimers is
mediated primarily by extensive hydrophobic interactions
inside the core of the complex (Fig. 2D). In addition to hydro-
phobic interactions, several hydrogen bonds between charged
residues are involved in the assembly of the two L27 het-
erodimers. Detailed interactions in each L27 heterodimer
(L27p,/L27Npyy,, and L27Cp,/L27y,0,,) of the 127,/
(L27N-L27C)ps1/L27 ppa1s2 cOmplex are shown in Fig. 3A. The
residues participating in the interactions are evolutionarily
conserved according to structure-based sequence alignment
(supplemental Fig. S5).

L27 domains of the same homologous protein from different
species are usually conserved. The amino acid sequence iden-
tity of L.27,,; among mouse, rat, and human is very high (sup-
plemental Fig. S5A). Within the structural region of L27;,;
(residues GIn''-Ser®), only four residues are divergent over 46
amino acids, and these four residues are not involved in binding
to L27Ny,;. Within the structural region of the tandem L27
domains of Pals1 (residues Leu'**~Glu*®) (supplemental Fig.
S5B), there are nine different residues over 108 amino acids
across mouse, rat, and human, and these residues are also not
involved in interactions between each cognate pair of L27
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domains except for one residue (Val*®® versus Ile*®”, which are

similar hydrophobic residues). The amino acid sequences of
L271a1s> from mouse, rat, and human are completely conserved
(supplemental Fig. S5C). Taken together, we conclude that the
4-1.27 domain-containing heterotrimer from the same species
should have a very similar structure to that determined in this
study with rat Patj, human Pals1, and mouse Mals2. Further-
more, several structures of cognate pair L27 domains from
mixed species have been determined (18 —20).

Specificity of Heterotrimer Assembly—To test the role of
the tandem L27 domains in heterotrimeric L27,,,/(L27N-
L27C)pa161/L27 \pa1so cOmplex formation, a TEV protease cleav-
age segment (ENLYFQS) was inserted between amino acids
Ala*and Ser'®® in the linker region between the L.27 domains
of (L27N-L27C)p,; (referred to as (L27N-TEV-L27C)p, 1
below) (Fig. 44 and supplemental Fig. S1C). This linker region
mutant (L27N-TEV-L27C);,,; can also form a heterotrimer
with GB1-tagged 127;,; (GB1-L27;,,;) and L27,,,,, as indi-
cated by the elution of the purified protein complex as a single
peak from size-exclusion chromatography with a molecular
mass corresponding to a heterotrimer (Fig. 4C, black line). Ana-
lytical ultracentrifugation confirmed that the GBI1-L27,,/
(L27N-TEV-L27C)p151/L27 \ra1so complex assembled into a
heterotrimer with a molecular mass of ~38.2 kDa (Fig. 4E,
black line). Interestingly, when the GB1-L27,,,/(L27N-TEV-
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GB1-L27p,i/(L27N-TEV-L27C)p,151/L27 115, heterotrimeric complex and the two tetrameric L27 domain complexes formed after digestion of the GB1-
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protein. F, GST pulldown experiments using the Patj/Pals1/Mals2 ternary complex and either Patj/Pals1 or Pals1/Mals2 binary complex formation. Input

represents 1% of the cell lysis used in the assay.

L27C)pa161/L27 \ra1so cOmplex was digested with TEV protease,
the resulting protein mixture eluted as two peaks from size-
exclusion chromatography (Fig. 4C, cyan line). More detailed
biochemical analysis revealed that each peak represented a
tetrameric L27 complex containing the cognate pairs GB1-
L27p,4/L27Nps, and L27Cp,, /127 1, (Fig. 4, B-E). Taken
together, these data reveal that the tandem L27 domains are
essential for L27,,/(L27N-L27C)p, /127 4., ternary com-
plex assembly. Furthermore, a full-length, tripartite Patj/Pals1/
Mals2 complex could be assembled by tandem L27 domains in
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a GST pulldown assay in vitro and a co-immunoprecipitation
assay in vivo (Fig. 4F and supplemental Fig. S6).

In mammals, several other scaffold proteins contain
two tandem L27 domains (supplemental Fig. S7). To further
investigate tandem L27 domain-mediated, supramolecular
complex assembly, we examined the tandem L27 domains of
CASK in more detailed studies. CASK, which, like Pals1, con-
tains two tandem L27 domains interacts with DLG1 through
the cognate pair L27,; ¢;/L27Nca g and with Mals2 through
the cognate pair L27C 5 /127 \1a155 to form a tripartite DLG1/
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representation of the L27p, ¢,/(L27N-3C-L27C)cpsk/L27 pa1s, heterotrimeric complex and the two tetrameric L27 domain complexes formed by 3C protease
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units; OD, optical density; Cond (mS/cm), Conductance (milliSiemens per centimeters). E, co-immunoprecipitation (IP) experiments with DLG1/CASK/Mals2
ternary complex and DLG1/CASK or CASK/Mals2 binary complex formation. Input represents 1% of the cell lysis used in the assay. The black asterisk represents
nonspecific protein bands, and the black star represents the GFP antibody heavy chain.

CASK/Mals2 cell polarity complex (Fig. 54) (7, 15, 17, 19, 33).
To investigate the role of CASK tandem L27 domains in the
assembly of the DLG1/CASK/Mals2 ternary complex, we used
strategies similar to those applied to Patj/Pals1/Mals2. A 3C
protease cleavage segment (LEVLFQGP) was inserted between
amino acids Ile*'? and Arg*'? in the linker region between the
L27 domains of (L27N-L27C) s (referred to as (L27N-3C-
L27C)cask below) (Fig. 5B and supplemental Fig. S1C). The
purified three separated chains of the L27; ,/(L27N-3C-
L27C) casi/L27 \ra1so complex assembled into a heterotrimer
with a molecular mass of ~27.3 kDa as determined by ana-
lytical ultracentrifugation (Fig. 5C). After 3C protease diges-
tion, the resulting L27; ¢;/(L27N-3C-L27C) ¢ sx/L27 pa1s2
complex protein mixture was loaded onto an ion-exchange
column, and we obtained two tetrameric L27 domain com-
plexes for each cognate pair of L27;; 4,/L27Ncagc and
L27Ccask/L27 \ta1s» (Fig. 5, B and D) (17, 19). Taken
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together, these data reveal that the tandem L27 domains of
CASK are essential for L2715 ;/(L27N-L27C) cas1c/L27 pa1so
ternary complex assembly. Additionally, a full-length tripartite
DLG1/CASK/Mals2 complex could be assembled by tandem L27
domains in a co-immunoprecipitation assay in vivo (Fig. 5E).

DISCUSSION

A bioinformatic survey in mammals reveals that L27
domains from various scaffold proteins are categorized into
two subfamilies: type A and type B (supplemental Fig. S7) (17).
Not only are all L27 monomers unable to specifically self-asso-
ciate, they cannot interact with distinct monomers from within
the same type and can form heterodimers only with monomers
from a different type (7, 17, 33). Previous studies (17, 19) have
shown that the symmetric L27 homotetramers (dimer of het-
erodimers) is a unified assembly mode for cognate pairs of type
A/type B L27 domain complexes.
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Under physiological conditions, the L27 domain often forms
a tandem L27 domain-mediated heterotrimer to achieve its
biological functions as a cell polarity regulator (10, 15, 34). A
previous study of a 4-L27 domain-containing heterotrimer
from a tripartite DLG1/MPP7/Mals3 complex showed that the
heterodimer of L27Cy,pp,/L27, .. has multiple contacts with
L27p1.6; of the L2715 5,/L27N,pp, heterodimer (21), suggest-
ing that the assembly of the L27C,pp,/L27 ;.13 heterodimer
promotes the recruitment of L27; 5, and further facilitates the
L2751.61/L27Nyipp, heterodimer formation. In support of this
idea, a prior study showed that the association of DLG1 with
MPP7 required the prior formation of a complex between
MPP7 and Mals3 (34). Thus, these studies revealed that the two
cognate pairs of L27 heterodimers assemble into heterotrimers
in a tandem L27 domain-mediated cooperative mode. It was
reported that MPP3(DLG3) and MPP2(DLG2), two Mals-bind-
ing proteins, bind DLGI1/synapse-associated protein 97
(SAP97) and require both the L27N and the L27C domains of
MPP3 and MPP2, respectively (35), indicating that these het-
erotrimers may also form through the tandem L27 domain-
mediated cooperative assembly mode.

In sharp contrast to this observation, the structure reported
here illustrates that within the L27;,,/(L27N-L27C);,,/
L27 1> heterotrimeric complex, there is no interaction
between the cognate pairs of L27 heterodimers (L27;,,/
L27Nyp,; and L27C,,,11/L271.160), indicating that each proto-
typical L27 heterodimer is formed independently (Figs. 1 and
3). A similar situation seems to exist in the tandem L27
domain-mediated heterotrimeric assembly of L27,; 5,/(L27N-
L27C) casi/L27 ypais2 complex (Fig. 5). Furthermore, our bio-
chemical results indicate that the tandem L27 domains of Pals1
and CASK are indispensable for the tripartite assembly of the
Patj/Pals1/Mals2 and DLG1/CASK/Mals2 complexes, respec-
tively (Figs. 4 and 5). Together, our results suggest a novel
mechanism for tandem L27 domain-mediated supramolecular
complex formation by a mutually independent mode in tripar-
tite Patj/Pals1/Mals2 and DLG1/CASK/Mals2 complexes.

The L27N domain-binding partners of MPP4 and Pals2
(MPP6) have not yet been identified, and the mechanism of L27
domain-mediated tripartite complex assembly mechanism
must be uncovered to fully elucidate their biological functions.
Nevertheless, although the assembly mode of heterotrimeric
structure is divergent, the 4-L27 domain-containing hetero-
trimeric structure may represent a general assembly mode
for tandem L27 domain-mediated obligate tripartite com-
plexes. This distinct mechanism of tandem L27 domain-me-
diated assembly of heterotrimeric structures may, in part,
reveal the correct assembly mode of L27 domain scaffold
proteins during the organization of specific supramolecular
protein complexes. This hypothesis remains to be tested by
further functional studies in vivo. Such tandem L27 domain-
mediated multimeric scaffolds provide various nucleation
platforms for the organization of suprasignaling complexes
that have been implicated in a wide range of elementary cel-
lular processes, including asymmetric cell division, cell
polarity control, and the regulation of cytoskeletal dynamics
and signal transduction.
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