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Scribble Associates With Two Polarity Proteins,
Lgl2 and Vangl2, Via Distinct Molecular Domains
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Abstract Scribble (Scrib) is a large multi-domain cytoplasmic protein that was first identified through its
requirement for the establishment of epithelial polarity. We tested the hypotheses that Scrib asssociates with the
basolateral membrane via multiple domains, binds specific protein partners, and is part of a multimeric complex. We
generated a series of EGFP-tagged Scrib fusion proteins and examined their membrane localizations in two types of
polarized mammalian epithelial cells using biochemical and morphological approaches. We found that Scrib’s Leucine-
rich-repeat (LRR) and PDS-95/Discs Large/ZO-1 (PDZ) domains independently associate with the plasma membrane in
both cell types.We identifiedmultiple large Scrib complexes, demonstrated that Scrib and the cytoplasmic protein Lethal
giant larvae2 (Lgl2) co-IP and that this association occurs via Scrib’s LRR domain. Further, this report demonstrates that the
membrane protein Vangl2 binds selectively to specific PDZ domains in Scrib. Our identification of Scrib’s associations
highlights its function in multiple biologic pathways and sets the stage for future identification of more proteins that must
interact with Scrib’s remaining domains. J. Cell. Biochem. 99: 647–664, 2006. � 2006 Wiley-Liss, Inc.
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Scribble (Scrib) is a large cytoplasmic,
multi-domain protein that plays many roles
in flies, worms, rodent, and humans [Bilder
and Perrimon, 2000; Bilder et al., 2000;
Nakagawa and Huibregtse, 2000; Murdoch
et al., 2003; Nakagawa et al., 2004; Segbert
et al., 2004]. Genetic studies in D. melanoga-
ster have demonstrated Scrib’s importance
in the establishment of apical-basal polarity
and as a tumor suppressor [Bilder et al.,
2000]. Furthermore, its expression is required
in flies for the proper basolateral membrane
localization of lethal giant larvae (Lgl),
another tumor suppressor and cell polarity
protein. In mouse, a point mutation in Scrib
causes severe defects in neural tube develop-
ment as do mutations in the membrane
protein Vangl2 (also called Ltap or Lpp1)
[Montcouquiol et al., 2003; Murdoch et al.,
2003], which interacts genetically with Scrib
[Murdoch et al., 2001].
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Biochemical studies of Scrib in mammalian
cells point to a potential link between its roles
in polarity and tumor suppression, since its
downregulation by the high risk human papil-
loma-virus E6 protein is correlated with
loss of apical-basal polarity [Nakagawa and
Huibregtse, 2000] and neoplasia [Nakagawa
et al., 2004]. Scrib is also involved in regulated
exocytosis through its association with beta-
PIX, a guanine nucleotide exchange factor
[Audebert et al., 2004].

Scrib is a member of the LAP (LRR (leucine
rich repeats) and PDZ (PSD-95/Discs Large/
ZO-1)) protein family [Bryant and Huwe, 2000;
Santoni et al., 2002]. LRR domains are compos-
ed of short motifs of 23 amino acids (aa), which
can be repeated 2–23 times to form a broad
range of structures [Kobe and Kajava, 2001;
KajavaandKobe, 2002]. Scribhas16LRRsat its
N-terminus, followed by a LAP-specific domain,
a linker region, four non-identical PDZ domains
and a substantial C-terminus lacking any
identifiable motifs [Santoni et al., 2002]. PDZ
domains, composed of 80–100 residues, organize
multi-protein complexes by binding short pep-
tide sequences generally found at the extreme
C-terminus of transmembrane proteins [Harris
and Lim, 2001; Hung and Sheng, 2002].

Given the multiple domains in Scrib and its
basolateral localization, we hypothesized that it
associates with the membrane via multiple
domains and interacts with several partners
which genetic studies in flies have predicted
[Bilder and Perrimon, 2000; Bilder et al., 2000].
To test our hypothesis, we generated a series of
EGFP-tagged Scrib fusion proteins and exam-
ined their membrane localizations in two types
of polarized mammalian epithelial cells. We
found that the LRR and PDZ domains indepen-
dently associate with the PM in both cell types.
Although there are numerous reports identify-
ing Scribble binding proteins, none have found
that Scrib binds the cytoplasmic protein Lgl.
We used velocity gradients to separate protein
complexes then SDS–PAGE and blue native
(BN)–PAGE analysis to characterize possible
Scrib/Lethal giant larvae2 (Lgl2) associations.
Importantly, we found multiple Scrib complex-
es, documented a Scrib/Lgl2 association and
demonstrated that the Lgl2 bound to Scrib via
the latter’s LRR domain. Finally, we demon-
strated that the membrane protein Vangl2
bound selectively to specific PDZ domains in
Scrib.

MATERIALS AND METHODS

Materials

Defective adenovirus DNA, Psi5DE1-E3,
pAdLox, and CRE8 cells were provided by S.
Hardy [Hardy, 1997] and the pAdShuttle was
provided by B. Vogelstein [He et al., 1998].
Reagents and suppliers were as follows:
HEK293A cells (QBI293 cells, Qbiogene, Carls-
bad, CA); Effectene, QIAprep Spin Miniprep
Kit, and Qiagen plasmid Maxi Kit (QIAGEN,
Inc., Valencia, CA); Supersignal West Pico
Reagent and Sulfolink coupling gel (PierceBio-
technology, Rockford, IL); EGFP-C3 (Clontech,
Palo Alto, CA); pGEM T-Easy vector (Promega,
Madison, WI); AdEasy competent bacteria
(Stratagene, La Jolla, CA); pcDNA3.1-V5-His
TOPO vector and Lgl2 IMAGE EST clone:
1886537 (Invitrogen Corp, Carlsbad, CA); Pro-
tein A agarose (Sigma, St. Louis, MO). Scribble
and Vangl2 EST clones, HA01022 and
HA01022S1, and KIAA1215, respectively, were
obtained from KAZUSA DNA Research Insti-
tute, Chiba, Japan. hLgl1 and hLGL2 EST
clones, IMAGE: 2307829 and 5575350, respec-
tively, were obtained from ATCC (Manassas,
VA). Other molecular biology reagents were
from New England Biolabs (Beverly, MA),
Invitrogen Corp, or Promega. Primer synthesis,
peptide synthesis, and DNA sequencing were
performed at the DNA Synthesis and Sequ-
encing Facility, Johns Hopkins University.
Primer synthesis was also performed by Inte-
grated DNA Technologies, Inc., Coralville, IA.

Primary antibodies were from the following
sources: goat anti-Scribble (C-20 sc-11049,
Santa Cruz, CA); rabbit and mouse anti-GFP
(A-6455 and A-11120, respectively) and Alexa-
labeled secondary antibodies (Molecular Probes,
Eugene, OR);mousemonoclonal anti-a-tubulin,
clone DM1A (T9026, Sigma); mouse anti-E-
cadherin (610182, Transduction Labs, Lexing-
ton, KY); mouse anti-V5 (46-0705, Invitrogen
Corp, and MCA1360, Serotec, Raleigh, NC);
mouse anti-SAP97/Dlg (VAM-PS005, Stress-
gen, Victoria, BC, Canada). Rabbit anti-amino-
peptidase N (APN) was described previously
[Barr and Hubbard, 1993] and rat monoclonal
anti-ZO-1 hybridoma cells (R40.76) were pro-
vided by B. Stevenson (University of Alberta,
Edmonton, Canada). Horseradish peroxidase-
conjugated secondary antibodies (donkey anti-
rabbit, rabbit anti-goat, and goat anti-mouse),
Random Primed DNA Labeling Kit and
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32P-dCTP-a, were from Amersham Pharmacia
Biotech (Piscataway, NJ).
Antisera to Lgl2 was generated in rabbits

immunizedwith aGST-fusion containing theC-
terminal 153 residues of Lgl2. Antisera was
affinity purified as described previously for
Lgl1 [Musch et al., 2002] except that the
antisera was cross-absorbed against GST-Lgl1
C-terminus prior to the final affinity purifica-
tion. This pre-adsorption step was also included
in purification of the Lgl1 antibodies used in
Figure S1.

Molecular Biology Techniques

TheEGFP-Scrib fusionprotein constructs are
listed in Figures 2 and 3. EGFP-95–1630
(pYC42) was generated by ligating the EcoRV/
SpeI fragment from clone HA01022 into SmaI/
XbaI digested EGFPC2 vector (Clontech), then
its AgeI/MfeI fragment was ligated to XmaI/
EcoRI digested pAdlox (#6, pLK01). EGFP-N-
terminalScrib andPDZdomain constructswere
generated by amplification of HA01022S1 with
the following primer pairs: nAH138/nAH192
(#2 N-half, aa1-728); nAH138/nAH111 (#3
EGFP- to AR, aa1-649); nAH138/nAH142 (#4
EGFP-LRR/LAP, aa1-420); nAH138/nAH207
(#5 EGFP-LRR, aa1-381); nAH62/nAH63 (#9
EGFP-C-half, aa727-1630); nAH62/nAH90 (#10
EGFP-PDZ 1-4, aa727-1202); nAH91/nAH63
(#11 EGFP-C-term, aa1197-1630); nAH 180/
nAH181 (EGFP-PDZ 1-2, aa720-960); nAH214/
nAH215 (EGFP-PDZ 2-3, aa816-1114); and
nAH182/nAH183 (EGFP-PDZ 3–4, aa961-
1202). All 50 primers encoded a HindIII site
and 30 primers nAH142, nAH181, nAH183,
nAH192, and nAH 215 encoded a stop codon
followed by a MfeI site to facilitate in-frame
cloning. PCR products were cloned into pGEM-
Teasy and sequences were verified. HindIII/
MfeI fragments were inserted into pAdlox
modified by the addition of the EGFP coding
sequence (pAdLoxGC3). Full-length EGFP-
Scrib in pADlox was prepared by ligating the
HindIII/RsrII fragment from N-term Scrib and
RsrII/MfeI fragment from pLK01 into HindIII/
MfeI digested pAdlox GC3 (#1, pLK49). EGFP-
LRR/LAP was also cloned into the pShuttle
vector [aa 1–420, pLK95, He et al., 1998].
N-terminal EGFP-Scrib deletion constructs,
DLRR (aa 382–1630, pLK15) and DLRR/LAP
(aa 421–1630, pLK17), were generated from a
series of cloning steps. First, PCR products
amplified using nAH60/nAH64 and nAH61/

nAH64, respectively were digested with Hin-
dIII/BglII, cloned into pBSII SK (þ) and
sequenced. The HindIII/BglII fragments were
subcloned into HA01022 to give DLRR, aa 382–
1630, and DLRR/LAP, aa 421–1630. These
altered Scrib constructs were first cloned into
EGFP-C3 and then the EGFP-Scrib fusions
were cloned into pAdLox. Plasmid DNAs were
transformed into either DH10B or GeneHogs
(Invitrogen).

Expression plasmids encoding hVangl2 and
hVangl2D4 (hD4) were prepared by PCR using
KIAA1215 as template with primer pairs
nAH190/nAH191andnAH190/nAH194, respec-
tively. Productswere cloned into pGEMT-Easy,
sequence verified, and HindIII/MfeI fragments
subcloned into pAdLoxGC3. The expression
plasmid encoding Lgl2 was amplified from
IMAGE clone 5575350 with primer pairs
nAH232/nAH233, cloned into pcDNA3.1-V5-His
TOPO, and sequence verified. Two independent
constructs were recovered with the following
mutations: pAM9, L831P and pAM11, A566D
andQ618K.Thewild-type (WT)hLgl2 construct
(pAM14)was obtained by subcloning theBspEI/
NotI fragment from pAM11 into pAM9. All
primer sequences are available upon request.
Sequences of all plasmids were verified.

Recombinant adenoviruses were prepared
using EGFP-Scrib constructs in the pAdlox
shuttle vector with the Cre-lox system [Hardy,
1997]. EGFP-LRR/LAP in pShuttle (pLK95)
was transformed into BJ 5183 cells with
pADEasy-1 [He et al., 1998], recombinants
selected and transfected into HEK293A cells to
amplify the recombinant adenovirus.

To determinewhichLgl geneswere expressed
in hepatic cells, we first identified human Lgl1
andmouseLgl2 IMAGEclones (GI:5540713and
GI:1886537, respectively) through database
searches. Restriction fragments from the Lgl
cloneswere used as templates for preparation of
the labeled random primed probes used in
Northern analysis. Total RNA was extracted
with TRIzol Reagent (Invitrogen) from freshly
isolated hepatocytes, WIF-B, and Fao cells.
To minimize variability in yields, mRNA was
isolated from 0.5 to 1 mg total RNA using
Oligotex according to the manufacturer’s ins-
tructions (Qiagen) and used for Northern ana-
lysis or RT-PCR.

Isolated mRNA was resolved on a formalde-
hyde agarose gel then transferred to GeneSc-
reen Plus membrane (NEN) using standard
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techniques [Ausubel et al., 1995]. Theblotswere
hybridized in [5� SSPE (20� SSPE: 3 M NaCl,
0.02 M EDTA, 0.2 M NaPO4, pH7.4)/10%
dextran sulfate/50% formamide/1% SDS/0.1%
Ficoll/0.1%PVP40/0.1%BSA, 200 mg/ml salmon
sperm DNA] at 458C with either a random-
labeled 32P-mouse Lgl1 or human-Lgl2 cDNA
fragment.As anRNA loading control, blotswere
also hybridized with a random 32P-labeled
rat GAPDH BxtI/XhoI cDNA fragment (GI:
2671355). Final rinses were in 0.2� SSC (1�
SSC: 0.15MNaCl, 0.015Msodiumcitrate)/0.1%
SDSat 458Cand themembranes exposed to film
at �808C.

Cell Culture, Transfection, Infection, and
Immunofluorescence

Cre8 and HEK293A cells were cultured as
recommended by the supplier. Fao and WIF-B
cells were grown as previously described [Ihrke
et al., 1993; Shanks et al., 1994]. Briefly, 106

cells were plated either onto dishes (10 cm)
directly or dishes containing 6 glass coverslips
(22� 22 mm) and fed every other day until use.
MDCK cells (Strain II) were obtained from I.
Mellman (YaleUniversity,NewHaven,CT) and
cultured as described [Koivisto et al., 2001].

One day before transfection, HEK293A or
MDCK cells were plated onto either duplicate
10 cm dishes containing a single coverslip to
determine transfection efficiency (for biochem-
ical assays) or coverslips in six-well cluster
dishes (for immunofluorescence anaylsis).
MDCK (all N-terminal constructs) orHEK293A
(N-half and all PDZ constructs) cells were
transfected with Effectene (Qiagen) according
to themanufacturer’s instructions using 2 mg or
0.4 mg of DNA for plates or coverslips, respec-
tively, incubated with transfection reagents
overnight, rinsed with fresh media and refed.
HEK293A cells were also transfectedwith Lipo-
fectamine (Invitrogen) according to the manu-
facturer’s instructions using 3–6 mgDNA/10 cm
dish. Approximately 16 (HEK293A cells) or 48 h
(MDCK cells) post-transfection, cells were used
for localization, biochemical studies, or pull-
down assays. For adenovirus infection, MDCK
cells were infected with 1.2–3� 109 vp/ml in
OPTIMEM (Invitrogen) (1 h), then rinsed with
normal calcium containing medium (200 mg/L)
and incubated (378C) for the times indicated.
Transfected MDCK cells stably expressing
hLglV5-6His (pAM14) were selected with
400 mg/ml Geneticin.

For immunolocalization studies, WIF-B cells
were seeded at 2� 104 cells/cm2 on glass cover-
slips and infected 8–11 days later when optimal
polarity was established. Cells were rinsedwith
1� HBSS and 100 ml of diluted virus (1.2� 109

to 2.0� 1010 vp/ml OptiMEM, Invitrogen) was
applied to each coverslip. OptiMEM lacking
virus was also applied to coverslips (uninfected
control). After incubation (378C, 1 h), the virus
was removed, fresh medium added and the
cells cultured for 16–20 h before analysis. For
biochemical analysis, WIF-B cells were seeded
at 5� 105 cells /10 cm dish containing a single
coverslip and infected as outlined above except
that cells were co-infected with EGFP-Scrib
viruses (1.2� 109 vp/ml) and either 1.4 or 2.9�
109 vp/ml of an empty virus (carrier virus) to
achieve low and uniform expression of Scrib
recombinant proteins.

For localization studies, cells plated on cover-
slips were rinsed briefly in PBS then fixed with
4% PFA (1 min) on ice and permeabilized with
ice cold 100%methanol (10min) and rehydrated
in PBS (3� 5min) (Method A, [Mevel-Ninio and
Weiss, 1981]). Subsequent incubations were
at RT. Samples were blocked in 1% BSA/PBS
(30 min), incubated in primary antibody (1 h),
rinsed in PBS (3� 5 min), then incubated with
secondary antibody (1 h), rinsed in PBS (3�
5 min), and mounted in 25% glycerol/2 mg/ml
phenylenediamine in Tris buffered saline, pH
9.5–10.5 (TBS, 20 mM TRIS/149 mM NaCl).
Primary and secondary antibodies were diluted
in 1% BSA/PBS. Extracted samples were pre-
pared essentially as described (Method B,
[Araki et al., 1993]), except for the methanol
fixation step. Briefly, cell were rinsed in PBS
and extracted with 0.025% saponin in PHEM
buffer, pH6.8 (60 mM PIPES/25 mM HEPES/
10 mM EGTA/2 mM MgCl2) (2 min). Samples
were then rinsed in 0.025% saponin/PHEM/
8% sucrose (2� 2 min) and fixed in 4% PFA/
8% sucrose/PBS (30 min), permeabilized with
ice cold 100% methanol (10 min) and then
rehydrated in PBS (3� 5 min). The labeling
steps were carried out as described above,
except that the blocking and rinsing solutions
contained 0.025% saponin. All incubations
were performed at RT. Localizations were
performed with the following primary anti-
bodies: anti-Scribble, anti-E-cadherin, and
anti-V5 (1:300, 1:1,000, 1:5,000, respectively).
Appropriate secondary antibodies were used at
2–3 mg/ml.
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The labeled cells were examined by epifluor-
escence (Zeiss Axioplan, Carl Zeiss, Germany)
and digital images were collected with a Micro-
max CCD camera (Princeton Instruments,
Trenton, NJ) using IPLab 3.5 software (Scana-
lytics, Fairfax, VA). Single plane confocal
images were acquired with an Orca-ER CCD
camera (Hamamatsu Photonics K.K., Hama-
matsu City, Japan) and Ultraview 5.4 software
in the Spatial Module (Perkin Elmer Life
Sciences Division, Foster City, CA) using the
Ultra View Confocal Imaging System equipped
with the Nipkow spinning disc (Perkin Elmer
Life Sciences Division). For co-localization
analysis and to obtain color images, 12-bit files
were merged in Photoshop 5.0 or 7.0.

Biochemical Methods

For preparation of cytosol and membrane
fractions, WIF-B or MDCK cells were scraped
into buffer (0.25 M sucrose/3 mM imidazole,
pH 7.4) containing protease inhibitors (1 mM
PMSF, 1 mM benzamidine, 5 mg/ml antipain
and leupeptin, 1 mg/ml pepstatin, 2 mg/ml
aprotinin, 1 mM EDTA) and homogenized in a
ball-bearing homogenizer (bore size, 0.2500, ball
diameter, 0.24900). Cell lysis was monitored by
phase microscopy using a 25� objective. Un-
broken cells (representing 10–40% of the cell
lysate) were sedimented (300g, 48C, 10 min,
Eppendorf 5402) and the resulting supernate
centrifuged (100,000g, 48C, 90 min, Beckman
OptimaTLX,TLA55) to yield apellet containing
all cellular membranes. The final pellet and
supernates were analyzed by immunoblotting
for the presence of either APN or E-cadherin,
PMmarkers, and a-tubulin, a cytosolic marker.
For quantification of Scrib protein following

transfection/infection, cells were scraped into
SDS–PAGE sample buffer (10 mM Tris-HCl
(pH 8.8)/2 mM EDTA/2.5% SDS/15% w/v
sucrose), boiled (3 min) and the DNA sheared
with a 28 or 27 g needle. Samples were reduced
with2-mercaptoethanol (10%v/v), boiled (3min),
separated by SDS–PAGE and transferred to
0.45 mm nitrocellulose (BA83, Schleicher and
Schuell) for 4 h with 400 mA. Anti-APN, anti-
E-cadherin, anti-Scribble, and anti-a-tubulin
(1:2000, 1:1,000, 1:1,000, and 1:5,000, respec-
tively) were diluted in 1% BSA, 0.1% Tween 20
andused for immunoblot analysis. Super Signal
reagent (Pierce, Rockford, IL) was used accord-
ing to the manufacturer’s instructions. Chemi-
luminescence signals were initially captured

with theAlpha Innotech (IMGENTechnologies,
Alexandria, VA) or the Versa Doc (BioRad,
Hercules, CA) imaging systems for quantita-
tion.

Assays of Protein–Protein Interactions

BN–PAGE. For BN–PAGE of whole cell
extracts, low ionic strength buffers were used
to preserve putative complexes [Tomita et al.,
2005]. HEK293, MDCK, and WIF-B cells on
10 cmdisheswere rinsedwithPBS then scraped
into 500 ml solubilization buffer (20 mM Tris,
pH 7.0, 1.0% Triton X-100 with protease
inhibitors, as above) giving a final volume of
600–700 ml. Cells were lysed by vortexing and
homogenization with a 28 g needle then incu-
bated (48C, 30 min). Detergent concentrations
were varied in order to achieve protein/deter-
gent rations of 0.4–1.0. Following centrifuga-
tion (16,800g, 48C, 10 min), supernatants were
mixed in a 10:1 vol/vol ratio with loading buffer
(5% wt/vol Coomassie Blue G250, 200 mM Bis-
Tris, pH 7.0, 1 M 6-aminocaproic acid, 30% wt/
vol sucrose) and loaded onto 5–13% gradient
polyacrylamide gels with native markers as
reported [Schagger, 2001]. Improved yields of
the Scrib complexwere achieved by the addition
of SDS (1.0%) to the sample in lieu of loading
buffer and heated (508C, 10 min or 1008C,
3 min). BN–PAGE was performed at 48C for
4–5hasdescribed [Schagger, 2001].BN–PAGE
gels were transferred (20% v/v methanol/0.1%
SDS/25mMTrisBase/192mMglycine) to PVDF
membranes for 4 h with 400 mA. Membranes
were allowed to dry several hours, destained
with 100%methanol for 10min, then incubated
in blocking solution (0.5% Casein/PBS, pH7.0),
diluted primary antibodies (in 0.5% Casein/
PBS, pH7.0/0.04% Tween) followed by second-
ary antibodies (in 0.5% Casein/PBS, pH7.0/
0.01% Tween) and visualized as above.

To achieve better resolution of large molec-
ular weight protein bands, soluble material
(�2 mg of total protein as above) was layered
onto 14–58% or 10–40% glycerol gradients
(in 100 mM NaCl, 10 mM HEPES, pH7.4,
2 mM EDTA, 0.1% Triton X-100) [Greger
et al., 2003; Tomita et al., 2005]. Refractive
index was used to achieve designated glycerol
concentrations. Gradients were prepared using
an automated gradient maker (Biocomp) and
centrifuged in an SW-41 rotor, 41,000 rpm
(288,000g), 19 h, 48C, slow acceleration and
deceleration). Fractions (1.0–1.2 ml) were

Lgl2, Vangl2 651



collected using an automated pump (Buchler).
Linearity of the gradients was determined by
measuring the refractive index. Gradient frac-
tions (60 ml) were mixed in a 10:1 vol/vol ratio
with loading buffer and proteins separated
by BN–PAGE as above or with SDS–PAGE
sample buffer as above.

Co-immunoprecipitation. For pull-down
of Lgl2-V5-6His by endogenous (endo) Scrib,
anti-Scrib (2 mg)was added to 500 ml of indicated
glycerol gradient fractions, incubated (48C,
�4 h), then Protein G agarose beads were added
and incubated (48C, 2 h). Beads were wash-
ed with PBS/10% glycerol (3�) and the bound
proteins eluted in SDS–PAGE sample buffer
(as above). For pull-down of endo Scrib with
Vangl2, MDCK cells (10 cm plate) were trans-
fected with GFP-hVangl2 or GFP-h2D4 plas-
mids. Sixteen hours later, cells were washed
oncewith PBS, scraped intoKBObuffer (25mM
sodium phosphate, pH 7.4, 300 mMNaCl, 0.5%
Triton X-100, 0.02M octyl-glucoside, and 0.02%
sodium azide) with protease inhibitors (as
above), sheared with a 28 or 27 g needle and
incubated (48C, 60 min). Following centrifuga-
tion (100,000g, 48C, 60 min, Beckman Optima
TLX, TLA55), supernatants were incubated
with anti-GFP antibody (0.2 mg, 48C, �16 h).
Protein A agarose beads were added and incu-
bated (48C, 4 h). Beads were then washed with
KB buffer (25 mM sodium phosphate, pH 7.4,
300 mM NaCl, 0.5% Triton X-100, and 0.02%
sodium azide) (3�), TBS (50 mM Tris, pH 7.5,
100 mM NaCl) (2�) and the bound proteins
eluted in SDS–PAGE sample buffer (as above).

HEK293A cells co-transfected with hLgl2-V5
and indicated Scrib plasmids, 16 h later were
treated as outlined above except that the phos-
phatase inhibitors, 0.2 mM NaVO3 and 50 mM
NaF, were included. For pull-down of EGFP-
Scrib by Lgl2-V5-6His, Anti-V5 (0.8 mg) was
used and to pull-down Lgl2-V5-6His by EGFP-
Scrib fusion proteins, anti-GFP (0.2 mg) was
used. The detergent supernatant, unbound and
bound fractions were analyzed by quantitative
immunoblotting (anti-GFP from Molecular
Probes and anti-V5 from Serotec, diluted
1:1,000 and 1:3,000, respectively) following
SDS–PAGE and transfer to nitrocellulose.

Peptide coupling. C-terminal peptides of
Vangl2 with the PDZ binding motif (PBM)
(hVangl2, CEFVDPKSHKFVMRLQSETSV)
and without the PBM (hD4, CEFVDPKSH
KFVMRLQS) were synthesized with cysteine

at their N-termini. Vangl2 peptides were bound
to SulfoLink Coupling Gel (agarose beads)
according to manufacturer’s instructions.
Briefly, following equilibration in coupling
buffer (50 mM Tris, pH 8.0, 5 mM EDTA),
peptides (2.5 mg/ml) were added to 1 ml of
beads and incubated with end-over-end mixing
(15 min) then without mixing (30 min). Un-
bound peptides were collected by centrifuga-
tion. Peptide-bound beads were washed with
coupling buffer (1 ml, 3�) then unbound sites
were blocked with 50mM L-cysteine-HCl (1ml).
After washing with 1 M NaCl (1 ml, 6�) the
beads were stored in PBS with 0.05% sodium
azide at 48C. Coupling efficiency was deter-
mined by comparing either the absorbance at
280 nM or the protein concentrations of the
unbound fraction and starting fractions. As a
control, cysteine coupled-beads were prepared
using 50mML-cysteine-HCl (1ml, 2�). All steps
were performed at RT.

Preparation of soluble EGFP-Scrib fusion
proteins. GFP-Scrib fusion proteins were
expressed in HEK293A cells following either
transfection with Effectene (EGFP-N-half and
EGFP-PDZs 1–4, 1–2, 2–3, 3–4 plasmids) or
recombinant adenovirus infection (EGFP-95-
1630 and EGFP-C-half). After �16 h, the cells
were rinsed in PBS and lysed in KBO buffer
containing protease inhibitors (as above). DNA
was sheared with a 27 g needle, extracts
incubated (48C, 30 min) and centrifuged
(100,000g, 48C, 90 min, Beckman Optima TLX,
TLA55) to yield a supernatant containing
soluble EGFP-Scrib fusion proteins. Before
pull-down studies were performed, levels of
soluble proteins were determined by immuno-
blot analysis using anti-GFP. Equivalent
amounts of each protein were then used.

Vangl2 pull-down assay. hVangl2, hD4, or
cysteine-coupled agarose beads were incubated
(1 h) with BSA (2 mg/ml) in TBSþ 1 mM PMSF
with end-over-end mixing to bind non-specific
protein binding sites and thenwashed (4�) with
binding buffer (50 mM Tris,7.5, 100 mM NaCl,
0.1% NP40, 1 mM PMSF). Beads (50 ml of a 1:1
slurry) and equalivalent amounts of EGFP-
Scrib fusion proteins were combined in 400 ml
binding bufferwith 2mg/mlBSA. Sampleswere
incubated (1 h) with end-over-end mixing,
washed with binding buffer (1 ml, 3�) then
with TBSþ 1 mM PMSF (1 ml, 2�). All steps
were performed at RT. SDS–PAGE sample
buffer (1�) was added to the beads, proteins
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were separated by SDS–PAGE and transferred
to nitrocellulose for immunoblotting.

RESULTS

For our studies, we chose polarized MDCK
and hepatic WIF-B cells [Ihrke et al., 1993;
Shanks et al., 1994] in order to examine Scrib’s
behavior in epithelial cells with two different
morphologies. In contrast to the simple colum-
narmorphology ofMDCK cells, hepatocytes are
polygonal cells with at least two basal surfaces
in contact with the blood and multiple apical
surfaces forming the bile canaliculus, a branch-
ed network of grooves between adjacent cells
[Hubbard et al., 1994]. In both cell types, endo
Scrib localized to the basolateral surface
(Fig. 1B, WIF-B cells), as did exogenous Scrib,
which we tagged with an N-terminal EGFP
(Fig. 1A,C). A similar construct was shown to
complement Scrib mutant flies [Dow et al.,
2003]. Using a simple fractionation scheme to
separate cytosol frommembranes inWIF-B and
MDCK cell homogenates, we found most of the
endo Scrib and a majority of the EGFP-Scrib
present in the high speed pellet fractions
(Fig. 1D,E). Based on these intital results, we
concluded that EGFP-Scrib fusions were valid
reporters of Scrib’s PM association in both cell
types. Therefore, we generated an array of
EGFP-Scrib mutants and used morphological
and biochemical approaches to identify the
domain(s) of Scrib responsible for this associa-
tion.

The LRR Domain Mediates Scrib’s
Localization at the Basolateral PM

A single point mutation in the LRR domain
was reported to disrupt Scrib’s PM localization
inMDCK cells [Legouis et al., 2003], prompting
us to ask if LRR alone could associate with the
membrane. The first four mutants we studied
contained LRR alone or with increasing
amounts of C-terminal sequence (Fig. 2A). Our
analysis of WIF-B cells was limited, because of
difficulty in generating recombinant adeno-
viruses encoding the LRR. However, when
transfected into MDCK cells, all constructs
expressed EGFP-fusion proteins of the pre-
dicted sizes (Fig. 2B). Biochemically, we found
that the two shorter LRR-containing proteins
(GFP-LRR and GFP-LRR/LAP) distributed
with the membrane fraction to a greater extent
than did the two longer LRR proteins (Fig. 2C).

In fact, �70% of the LRR-only protein was
membrane-associated, when its distribution
was normalized to that of EGFP-Scrib. We
observed GFP fluorescence of each fusion
protein at the basolateral PM of transfected
MDCKcells (Fig. 2D,E, constructs #2 and #5 are

Fig. 1. Endogenous and exogenous Scrib localize to the
basolateral PM of polarized cells. A: Domain organization of
Scribble: aa13-381¼LRR, aa381-420¼ LAP, aa659-723¼AR
(Acidic Region), aa 726-1202¼PDZ domains. B, C: Morpholo-
gical localization of full-length Scrib. Mature WIF-B cells were
fixed (Method A,M andM) and stainedwith anti-Scrib antibody.
C:WIF-B cellswere infectedwith EGFP-Scrib adenovirus and the
GFP distribution examined following fixation (Method A).
Asterisks indicate the location of apical cysts in WIF-B cells.
Bar¼10mm.D: Immunoblot analysis of full-length Scrib. InWIF-
B and MDCK cells, endo Scrib associated overwhelmingly with
themembrane fraction, EGFP-Scrib showeda similar distribution
inWIF-B cellswhile inMDCKcells, slightly lesswas present. The
cytosol (S) andmembrane (P) fractions can be directly compared,
since the same relative amounts of each fraction were loaded
onto SDS–PAGE. For all fractionation studies, the distributions of
tubulin and E-cadherin in S and P were quantitated by
immunoblot and found to be >80% cytosolic (tubulin) or
membrane (E-cadherin). E: Quantitation of Scrib at the PM. Blots
were used to calculate the % Mb-associated Scrib. The signal
intensity in P (HSP) was divided by the sum of the intensities in P
and S (HSS) X 100. Standard deviations (SD) are shown when
three to five determinations were obtained.
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shown). In WIF-B cells, the LRR/LAP protein
was also found at the basolateral PM, both
biochemically (�13%) and morphologically
(data not shown), but to lesser extents than in
MDCK cells. Nonetheless, the results clearly
showed that the LRR domain was capable of
associating with the PM independently of other
Scrib domains and the LRR alone bound nearly
as well as full-length Scrib in MDCK cells.

The PDZ Domains Also Mediate Scrib’s
Localization at the Basolateral PM

Wenext asked ifN-terminal deletions of Scrib
would disrupt the protein’s association with the
PM. Given published images of a cytoplasmic
localization of full-length Scrib bearing the
single point mutation P305L in the LRR
domain, we were initially surprised that EGFP-
Scrib encoding aa 95–1630, which is missing
the first three and a half LRR repeats, still
localized to the PM of MDCK and WIF-B cells
(data not shown). When cells were fractionated,
�45% and �30% of the LRR mutant protein
distributed in the membrane fraction of MDCK
and WIF-B cells, respectively (Fig. 3A,B, con-
struct #6). Again, normalizing these levels to
those of the EGFP-Scrib full-length standard
indicated that �70% and �40% of truncated
EGFP-Scrib associated with the membrane
fraction in MDCK and WIF-B cells, respec-

tively. Two additional N-terminal truncations,
DLRR and DLRR/LAP also showed membrane
association, although at reduced levels (Fig. 3B,
constructs #7 and #8, respectively).

To determine which region contributed to the
reproducible PM association in constructs lack-
ing the complete LRR domain, we generated
constructs encoding only domains in the C-
terminal half of Scrib (Fig. 3A). Fractionation of
homogenates from transfected/infected cells re-
vealed that the EGFP-C-half and EGFP-PDZ
1–4 proteins associated with the membrane
(Fig. 3B constructs #9 and 10, respectively);
however, Scrib protein consisting of the C-
terminal 433 aa bound very poorly (Fig. 3B
construct #11).

Fluorescence images confirmed the biochem-
ical findings (Fig. 3C). EGFP-C-half was loca-
lized to the PM and cytosol in WIF-B cells, as
well as to the TJ when cells were fixed with
paraformaldehyde and permeabilized with
methanol (Total, Fig. 3C). The PM and TJ
associations were even more apparent when
the cells were first extracted with 0.025%
Saponin and then fixed with paraformaldehyde
(Extracted, Fig. 3C). The TJ association of
EGFP-Scrib proteins was variably observed
while endo Scrib was never observed at the
TJ. In MDCK cells, EGFP-C-half gave similar
results, except that the ectopic mutant EGFP-

Fig. 2. The LRR domain of Scrib associates with membranes of
MDCK cells.A: EGFP-Scrib constructs 1–5 were transfected into
MDCKcells (efficiencies 3–8%).B: The SDS–PAGEmobilities of
exogenous EGFP-Scrib proteins 1–5 were determined by anti-
GFP immunoblotting of cell extracts and were consistent with
expression of intact fusion proteins. C: Twenty-four hours after
transfection, cytosol (S) and membrane (P) fractions were
prepared from cell extracts then analyzed by SDS–PAGE and

anti-GFP immunoblotting and the % Mb-associated Scrib
calculated as for Figure 1E. Values are the average of two
determinations except for construct #4 where the SD is shown.
Recombinant adenovirus encoding construct #4when expressed
in WIF-B cells exhibited 13 %Mb-associated (N¼ 1). D, E: GFP
fluorescence corresponding to the total cellular pools of EGFP-
Scrib fusion proteins N-half (D) and LRR (E) are shown.
Bar¼ 10 mm.
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Scrib proteins did not localize at the TJ. While
biochemically the EGFP-C-half (construct #9)
and theEGFP-PDZ (construct #10) gave similar
results (Fig. 3B), we routinely observed a

stronger GFP signal from the EGFP-C-half
protein at the PM following extraction (MDCK,
Fig. 3C). We conclude that the PDZ domains of
Scrib can associate with the PM independent of
other domains and addition of the C-terminal
domain may stabilize this association.

Scrib Associates Biochemically With
the Polarity Protein, Lgl2.

Genetic studies in Drosophila linking Scrib
and Lgl [Bilder et al., 2003; Tanentzapf and
Tepass, 2003] prompted us to ask if the two
proteins interacted biochemically in mamma-
lian cells. Of the four human Lgl genes [Katoh
and Katoh, 2004], Lgl1 and Lgl2 are the best
studied to date [Musch et al., 2002; Yamanaka
et al., 2003]. Lgl1 iswidely expressedwhile Lgl2
has a more restricted expression pattern in
mouse tissues (Fig. S1A). As both Lgl1 and Lgl2
were present in extracts of whole liver, which is
composed of multiple cell types, we examined
their expression in freshly isolated rat hepato-
cytes as well as cultured cells. Only Lgl2 was
present in hepatocytes while both were present
in the cultured cells (Fig. S1C).

Because Lgl2 expression was abundant in
kidney, we used MDCK cells to test for a
biochemical link between Scrib and Lgl2.
Detergent extracts of MDCK cells were sepa-
rated on 10–40% glycerol gradients and frac-
tions analyzed by BN–PAGE, which has been
used recently to identify multimeric protein
complexes in mammalian cells [Yang et al.,
2002; Tomita et al., 2005]. Separated proteins
were transferred to PVDF membranes then
analyzed by immunoblotting (Fig. 4A).We often
observed Scrib as several broad smears of
immunoreactive material with increasing sizes
in sequential fractions of the gradient (Fig. 4A,
lanes 4, 5, 6, and 7) suggesting that the protein
might be in multiple complexes. The finding
that more Scrib was detected in BN-gels follow-
ing SDS treatment of MDCK cell lysates
strengthened the idea that Scrib was in large
complexes (Fig. S2A). In fact, Scrib was only
detected in hepatic cells after the addition of
SDS (Fig. S2A). SDS-treated Scrib migrated
with an apparent molecular mass more than
twice its predicted value, 182 kDa, a finding
consistent with previous reports [Lee et al.,
2002; Greger et al., 2003; Tomita et al., 2005].
Importantly, by SDS–PAGE, a significant
amount of endo Lgl2 was found to co-migrate

Fig. 3. The PDZ domain of Scrib associates with membranes of
MDCK and WIF-B cells. A: Cells were infected with EGFP-Scrib
adenoviral constructs #6–11. Fractions were prepared and
analyzed as described in Figure 1. B: Quantitation of Scrib
fusionproteins at the PMof polarized cells. The%Mb-associated
Scrib is calculated as described in Figure 1E. Values for
Constructs #10 and #11 in WIF-B cells are from one determina-
tion. C: GFP fluorescence in cells was examined after fixation
using Method A (see M and M), which reveals the total cellular
EGFP-protein signal, or Method B, which extracts the soluble
EGFP-protein and retains the membrane-associated signal. In
images of EGFP-C-half protein at the basolateral PM and TJ in
WIF-B cells, the arrow indicates TJ in cross-section and arrrow-
head shows the TJ belt or ring encircling the apical surface [Ihrke
et al., 1993]. For MDCK cells, images were captured at the level
of the nucleus.
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with Scrib in fraction 5 of the glycerol gradient
(Fig. 4C, lane 5).

Because we could not detect endo Lgl2 by
BN–PAGE, we prepared MDCK cells stably
expressing a cDNAencoding humanLgl2with a
C-terminal epitope (hLgl2-V5-6His, Fig. 4B). A
protein of the correct size was detected with
both anti-V5 and our anti-Lgl2 (Fig. 4B). Like
endo Lgl2 [Yamanaka et al., 2003], the protein

was found at the basolateral surface and
importantly for our analysis, not in inclusion
bodies (Fig. 4B). Glycerol gradient analysis of
these cells revealed that both Scrib and Lgl2
behaved as in non-transfected MDCK cells
(Fig. 4C). Fractions from the glycerol gradient
were analyzed by co-immunoprecipitation,
which revealed a small but reproducible frac-
tion ofLgl2-V5-6His associatingwith endoScrib

Fig. 4. Identification of a Scrib complex and Lgl2 association by
BN–PAGE. A: Identification of the Scrib complex. Triton X-100
lysates of MDCK cells (grown for 5 days on a 10 cm dish) were
separated on a 10–40% glycerol gradient, 6 ml of 10� sample
buffer was added to 60 ml of fractions (1 ml), resolved by BN–
PAGE on a 5–13% Bis-Tris gradient gel and analyzed by
immunoblotting with anti-Scrib. Markers are: thryoglobin,
ferritin, catalase, and aldolase designated 669, 440, 235, and
158 kDa, respectively. B: Lgl2 domain organization, which
includes four WD-40 domains identified by Psi Blast (aa 5–35,
55–91, 103–151, and 163–192), three serine phosphorylation
sites are indicated (P, aa 649, 653, and 660 are phosphorylated
by aPKC [Yamanaka et al., 2003]), and a V5-6His epitope tag at
the C-terminus (black box, 45aa). hLgl2-V5-6His-stably-trans-
fectedMDCK cells were fixed and stained with anti-V5 and anti-
ZO-1. Confocal images (x–z sections) show hLglV5 (red) at the
lateral PM and ZO-1 (green) at the TJ. Lysates from MDCK cells

expressing Lgl2-V5-6His were separated on a 10–40% glycerol
gradient, fraction 5 was analyzed by SDS–PAGE followed by
immunoblotting as indicated. C: Endo and exogenous Lgl2 co-
migrate with Scrib in glycerol gradients. Samples prepared from
either MDCK or Lgl2 stable MDCK cell lines were analyzed
by SDS–PAGE followed by immunoblotting as indicated. D:
Co-immunoprecipitation of Scrib and Lgl2. Gradient fractions
(500 ml) from (C)were used for IPwith anti-Scrib and analyzed by
SDS–PAGE and immunoblotting as indicated. S-0.1�, U-0.1�
and B-1�¼ start, unbound and bound, respectively. E: BN–
PAGE analysis of Lgl2 and Scrib complex. Lysates from MDCK
cells expressing Lgl2-V5-6His were separated on a 10–40%
glycerol gradient, fractions were resolved by BN–PAGE and
SDS–PAGE in parallel and analyzed by immunoblotting as
indicated. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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(Fig. 4D). To study the native Scrib/Lgl2 com-
plex further, we analyzed glycerol gradient
fractions in BN gels by immunoblotting. When
the membranes were incubated sequentially
with anti-Scrib then anti-V5, we found two
bands of Lgl2, one that co-migrated with Scrib
at�480 kDa, and the secondmigrating at�240
kDa (Fig. 4E, lanes 4 and 5). Interestingly, the
�240 kDa Lgl2 was found throughout the
gradient suggesting that during BN–PAGE it
dissociated from larger complexes. The co-IP
and BN–PAGE results, taken together, show
that small amounts of Lgl2 associated with
Scrib.
The analysis presented above indicated that

Scrib was in multiple complexes; however, we
were unable to assign molecular weights to
them. Gradient fractions containing Scrib had
densities of 1.0380–1.0621 g/cm3, which are
lower than that of purified proteins (i.e., 1.35 g/
cm3, [Quillin and Matthews, 2000]), suggestive
of the presence of lipids present in the com-
plexes. Moreover, Scrib migrated as broad
smears in the BN gels and its mobility relative
to the markers varied somewhat (compare
Fig. 4A, lanes 4, 5, 6, and 7 and Fig. 4E, lanes
3, 4, and 5). Incomplete exchange of Coomassie
Blue for the detergent and lipids could have
contributed to the variability.

The LRR Domain of Scrib Binds Lgl2

We next mapped the domain of Scrib that
associated with Lgl2. HEK293A cells were co-
transfected with hLgl2-V5-6His and various
EGFP-Scrib constructs followed by co-immuno-
precipitation and blotting. Quantitative im-
munoprecipitation was achieved with anti-V5
(Fig. S2B). A small but reproducible amount of
full-length Lgl2 co-immunoprecipitated with
full-length Scrib (Figs. S2B, 5A,B). Further,
the N-terminal half of Scrib bound Lgl2, but the
C-terminal half did not (Figs. 5B,S2B). Analysis
of additional deletion constructs pointed to the
LRR domain as the possible Lgl2 interaction
domain on Scrib. Therefore, we tested three ad-
ditional EGFP-Scrib fusion proteins and found
that Lgl2 associated with all fusion proteins
containing an intact LRR domain (Fig. 5B,
constructs #4 and #5 are shown).
Next, we examined whether Scrib’s LRR

domain associated with Lgl2 in polarized cells
and whether this association occurred at the
membrane, in the cytosol or both. Co-expression
of hLgl2-V5-6His and EGFP-LRR/LAP in

Fig. 5. The LRR domain of Scrib associates with Lgl2. A: Co-IP
of exogenous Lgl2 and Scrib.HEK293A cells were co-transfected
with hLgl2-V5-6His and EGFP-Scrib construct, extracts sub-
jected to immunoprecipitation with anti-GFP and resulting
fraction analyzed by SDS–PAGE and immunoblotting with
anti-V5 showing Lgl2 co-immunoprecipitates with GFP-Scrib,
80% of the Scrib and �1.5% of the Lgl was found in the bound
fraction. B: Co-IP of exogenous Lgl2 and Scrib. HEK293A cells
were treated as in B except that immunoprecipitations were
performedwith anti-V5and resulting fractions analyzedby SDS–
PAGE and immunoblotting with anti-GFP. Quantitative immu-
noprecipitation of Lgl resulted in 1.4�0.8 of the total recovered
Scrib (sumofboundandunboundmaterial) in thebound fraction.
Each example shown in B is representative of at least three
determinations. C: The S and P fractions were prepared from
MDCK cells co-expressing LRR/LAP and hLgl2, detergent
extracted, and supernatants subjected to immunoprecipitation
with anti-V5 and the resulting samples analyzed by SDS–PAGE
and immunoblotting with the indicated antibodies. U-0.1� and
B-1�¼unbound and bound, respectively.
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MDCK cells followed by subcellular fractiona-
tion indicated that�90% of hLgl was associated
with membranes (Fig. S2C). Moreover, the
distribution of EGFP-LRR/LAP between the
cytosol and crude membrane fraction was not
altered by over expression of Lgl2 (Fig. S2C).
Quantitative immunoprecipitation of Lgl2 in
the membrane fraction brought with it all of
the membrane-associated GFP-Scrib protein.
Interestingly, the small but detectable amount
of exogenous hLgl2 in the cytosol was also
complexed with exogenous EGFP-LRR/LAP
(Fig. 5C). These results indicate that exogen-
ously expressed Scrib and Lgl2 can interact
in either location.

The PM Protein, Vangl2, Localizes to the
Basolateral PM and Binds the PDZ

Domains of Scrib

Genetic studies in mice linking the four-
transmembrane protein Vangl2 with Scrib
[Murdoch et al., 2001], prompted us to ask
if these two proteins interact biochemically.
Vangl1 and Vangl2 are 75% homologous and
terminate in identical Type I sequence motifs
that bind PDZ domains. Database searches and
in situ hybridization revealed that both genes
are widely expressed in mammals, with Vangl2
present in a large number of epithelial cell
types. For the present studies, we generated
constructs encoding a human Vangl2 fused to
EGFP (EGFP-hVangl2) with and without
its PDZ domain-binding motif (EGFP-hD4,
Fig. 6A). Following transient expression in
MDCK cells, we foundEGFP-hVangl2 and endo
Scrib at the basolateral PM as well as some
EGFP-hVangl2 in vesicles below the apical
surface (Fig. 6B). The distribution of EGFP-
hD4 was similar, although less of the mutant
seemed to be at the PM (Fig. 6C). When EGFP-
hVangl2 and EGFP-hD4 fusion proteins
expressed in transfected MDCK cells were
quantitatively immunoprecipitated with anti-
GFP, a small (2%) but reproducible amount of
total endo Scrib was found in the full-length
hVangl2 immunoprecipitate (Fig. 6D). In con-
trast, the mutant Vangl2 immunoprecipitate
contained less than 0.1% of endo Scrib. Since
only �5% of the MDCK cells in the transiently-
transfected population expressed EGFP-
hVangl2, association of 2% of total Scrib with
full length Vangl2 represented a substantial
fraction, �40%, of the endo Scrib in the
transfected cells. As a specificity control, we

Fig. 6. Endogenous Scrib binds hVangl2 but not hD4. A: EGFP-
hVangl2 and EGFP-hD4 domain organization. EGFP-hD4 lacks
the 4 C-terminal residues, ETSV. TMD¼ transmembrane
domains (stippled). B: EGFP-Vangl2 localizes to the basolateral
surface of MDCK cells. Cells grown on glass coverslips were
transfected with EGFP-hVangl2 and fixed 48 h later. Confocal
images (x–z sections) show endo Scrib (red) and EGFP-hVangl2
at the basolateral PM. C: Both EGFP-Vangl2 and EGFP-hD4
exhibited similar expression patterns at the PM and in
intracellular vesicles. Cells were transfected as for B. D: Co-IP
of EGFP-Vangl2 and Scrib. Extracts of MDCK cells transfected
with EGFP-hVangl2 or EGFP-hD4 construct were immunopreci-
pitated with anti-GFP, analyzed by SDS–PAGE and immuno-
blotting with the indicated antibodies. S-0.1�, U-0.1�, and
B-1�¼ start, unbound and bound, respectively. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley. com.]
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determined that E-cadherin, an adherens junc-
tionprotein foundat the basolateral surface, did
not co-immunoprecipitate with EGFP-hVangl2
(Fig. 6D).
To further define the domain of Scrib that

bound Vangl2, we synthesized two peptides,
hVangl2 with the C-terminal 20 aas and hD4, a
mutant lacking the last four aas, coupled them
to agarose beads and used them to pull-down
different EGFP-Scrib constructs from trans-
fected HEK293A cells (Fig. 6A). Only two con-
structs, EGFP-95-1630 and EGFP-PDZ 1–4,
bound the hVangl2 peptide; constructs lacking
the4PDZs failed to bind (Fig. 7A).Wegenerated
four additional constructs encoding various
combinations of the four PDZ domains and
found PDZs two and three together bound
Vangl2 as well as all four PDZs and better than
the other combinations (Fig. 7A). To determine
whether the Scrib/Vangl2 association was

direct, we used the peptide coupled beads to
pull-down EGFP-95-1630 from HEK293A cell
extracts.Examination byCoomassieBlue stain-
ing of the proteins bound to the hVangl2 and
hD4 peptides showed clearly that EGFP-Scrib
was the most intensely stained protein in the
hVangl2 peptide bound lane (Fig. 7B). These
results suggested that Vangl2 directly bound
Scrib.

We examined the interaction of endo Scrib
with the hVangl2 and hD4 peptides. After
incubating the beads with HEK293A extracts,
we probed for the presence of Scrib. Endo Scrib
was bound to hVangl2 peptide beads but not the
hD4 peptide (Fig. 7C). Because Strabismus, the
Vangl homolog in flies (trilobite in zebrafish,
[Sepich et al., 2000; Jessen et al., 2002; Jessen
and Solnica-Krezel, 2004]) was reported to bind
the PDZ protein, SAP97/Discs large 1 (Dlg1),
[Lee et al., 2003],we examined the interaction of

Fig. 7. The PDZ domains of Scrib bind Vangl2.A: Scrib/Vangl2
peptide bead binding assay. HEK293 cells were transfected with
EGFP-Scrib constructs, cell extracts prepared, and fusion protein
levels determined by immunoblot analysis. Extracts with
equivalent amounts of fusion proteins were then incubated
(1 h)withVangl2,D4 peptideor cysteine-beads (data not shown),
the beads washed and start (data not shown), unbound (U-0.1�)
and bound (B-1�) proteins analyzed by SDS–PAGE and
immunoblotting with anti-GFP. A non-specific band was
detected by anti-GFP when blotting for expression of EGFP-C-
term (#11). Amino acids in PDZ constructs are: PDZ 1–4, 727–
1202; PDZ 1–2, 720–960; PDZ 2–3, 816–1114; PDZ 3–4,

962–1202. B: A Coomassie Blue stained SDS–PAGE gel from a
pull-down assay in which Vangl2 or D4 peptide beads were
mixed with extracts from HEK293A cells transiently transfected
with EGFP-95-1630. Scrib (asterisk) was the only cellular
polypeptide detected in the bound fractionwhenVangl2 peptide
beadswereused.Bovine serumalbumin (BSA), addedasblocker,
was also present. C: Vangl2 or hD4 beads were incubated (1 h)
with HEK293A extract (S-0.1�) and washed. Bound (B-1�) and
unbound (U-0.1�) proteins were analyzed by SDS–PAGE and
immunoblottedwith the indicated antibodies. Levels of endoDlg
were at the threshold of detection with anti-Dlg.
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Dlg1 with Vangl2 peptide beads. Endo Dlg also
bound hVangl2 peptide and not the hD4 peptide
beads, demonstrating that the Vangl C-termi-
nus bound multiple partners (Fig. 7C).

DISCUSSION

Using systematic morphological and bio-
chemical analyses of multiple EGFP-Scrib
fusion proteins, we determined that the LRR
and PDZ domains independently associate with
the basolateral PM in two types of polarized
mammalian epithelial cells. These results con-
firm and extend those recently reported for
mammals [Navarro et al., 2005] and flies
[Albertson et al., 2004; Zeitler et al., 2004].
Our biochemical studies identified several Scrib
complexes inmammalian epithelial cells.While
genetic studies indicate an interaction between
Scrib and the cytoplasmic protein, Lgl, we
documented this association biochemically
usingvelocity gradient centrifugation combined
with BN–PAGE analysis of the fractions.
Further we identified the LRR domain of Scrib
responsible for binding to Lgl2. Finally, we
demonstrated for the first time that the mem-
brane protein Vangl2 binds Scrib through a
specific interaction with the latter’s PDZ

domains 2 and 3. Figure 8 summarizes the
Scrib interactions identified to date, although
their spatial and temporal associations remain
to be determined.

Scrib Has Multiple Cytoplasmic Binding Partners

Results of the biochemical approach we took
in this study confirmed genetic data indicating
an association between Lgl and Scrib. Although
we do not yet know if this association is direct or
indirect, docking of either or both proteins at
the PM appears not to be essential for their
interaction, since we were able to co-immuno-
precipitate them from cytosolic and membrane
fractions. However, Lgl can associate with the
PM independently of Scrib, since loss of Dlg in
flies leads to a partial loss of Lgl at thePM,while
Scrib is totally dissociated [Roche et al., 2002].
Additionally, yeast has twoLgl homologs (SRO7
and SRO77) and no Scribble family members,
implying the existence of additional binding
partners for SRO7/77’s role in yeast vesicle
trafficking [Lehman et al., 1999].

A significant finding of this study was that
Lgl2 associated with Scrib’s LRR domain.
Crystal structures of proteins with LRR
domains consistently show a horseshoe shape
with various radii (e.g., [Kobe and Deisenhofer,
1993, 1995, 1996; Kobe and Kajava, 2001;
Kajava and Kobe, 2002; Enkhbayar et al.,
2004]). Structural modeling of the LRR domain
of C. elegans LAP protein, LET413, also best fit
a horseshoe structure [Legouis et al., 2003].
LRRdomains have also been co-crystalizedwith
their protein ligands, showing very clearly that
the latter bind to the concave face (inside) of the
horseshoe [Enkhbayar et al., 2004]. By exten-
sion, Lgl2 most likely binds the same way.
However, the orientation of the LRR structure
at the PM is currently unknown. Can a second
ligand bind on the outer face of the LRR
structure? Since studies in flies suggest that
Scrib recruits Lgl2 to the PM [Bilder et al.,
2000], the outer surface of the LRR could
associate with the PM either directly or indir-
ectly and recruit, anchor or stabilize Lgl2 on its
concave surface. This idea is consistent with
findings in which a P to L mutation found on an
external helix of Scrib’s LRR disrupted its
association with the PM [Legouis et al., 2003].

The new biochemical approaches used in this
study provide evidence that Scrib is part of a
macromolecular complex. Although Scrib com-
plexes could be solubilized from tissue culture

Fig. 8. A drawing of Scribble’s binding partners and proposed
biological roles.Ourbiochemical studies show thatVangl2binds
both Scrib and Dlg via the PBM (red dot). Scrib has multiple
cytoplasmic binding partners including Lgl (this report), betaPIX
[Audebert et al., 2004], HPV-E6 protein [Nakagawa and
Huibregtse, 2000], and GUKH [Mathew et al., 2002]. As yet
unknown for Lgl2 (dotted arrows) are: (1) the intracellular site of
its binding to Scrib (membrane or cytosol); (2) the molecular
domain that binds Scrib’s LRR domain; and (3) its PM binding
site/partner when Scrib is absent. Also unknown is whether the
LRR domain of Scrib binds the PM directly or indirectly (dotted
arrow). Proteins studied in this report are in color. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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cells with 1% Triton X-100, only 1% Empigen
was able to release the protein from rat liver PM
sheets (P. Tuma, unpublished data). Because of
these biochemical properties, we speculate that
Scrib may organize the intracellular face of the
lateral PM in polarized epithelial cells and
envision it playing predominantly a structural
role, possibly serving as a ‘‘retaining wall.’’ To
document the Scrib/Lgl2 association, we used
velocity gradient centrifugation combined with
BN–PAGEanalysis of the fractions. BN–PAGE
is a technique that separates native protein
complexes by size and charge, the latter pro-
vided by the anionic dye, Coomassie blue, which
displaces the detergent used for solubilization.
Although Scrib and Lgl2 co-sedimented in the
gradients, surprisingly, only small amounts
were found to co-IP and co-migrate in BN–
PAGE. Two possibilities could explain this
finding. Either the Scrib/Lgl2 association is
weak and falls apart during BN–PAGE and
co-IP or Lgl2 is in another complex whose size is
comparable to the Scrib/Lgl2 complex.We favor
the first and speculate that the Scrib/Lgl2
association may be transient with Lgl2 having
a regulatory role.
In addition to the proteins identified in this

study there are at least four other cytoplasmic
proteins that have been reported to bind the
PDZ domains of Scrib and could be in one or
more of the Scrib complexes (Fig. 8). The first is
high-risk human papilloma-virus E6 protein,
which mediates the ubiquitination and subse-
quent degradation of both Scrib and Dlg
[Nakagawa and Huibregtse, 2000]. Upon ana-
lysis of cervical [Nakagawa et al., 2004] and
mammary tissue [Navarro et al., 2005], Scrib
protein levels were decreased in neoplastic
tissue relative to normal tissue supporting the
hypothesis that Scrib is a tumor suppressor (for
a review see [Bilder, 2004]). The second cyto-
plasmic protein is GUK Holder (GUKH), which
was shown to bind the guanylate kinase (GUK)
domain of Dlg and PDZ 2 domain of Scrib by co-
IP and yeast two-hybrid analysis [Mathew
et al., 2002]. Inflieswith reducedGUKHprotein
levels, Scrib but not Dlg mislocalizes to the
cytosol of developing synapses. The third Scrib-
binding partner, b-PIX, is a guanine nucleotide
exchange factor (GEF), which requires Scrib to
anchor it at the PM [Audebert et al., 2004]. Both
proteins are involved in regulated exocytosis in
PC12 cells [Audebert et al., 2004]. This complex
is also found in a human mammary epithelial

cell line indicating that Scrib’s role in regulated
exocytosis may be conserved in other cell types.
The fourth Scrib-binding partner, ZO-2, loca-
lizes to the TJ [Gumbiner et al., 1991] and is
regulated during cancer progression [Chlenski
et al., 1999; Chlenski et al., 2000]. This associa-
tion ismediated between Scrib’s PDZ domains 3
and 4 and the C-terminal PDZ binding motif of
ZO-2 [Metais et al., 2005]. Interestingly, Lgl2 is
the only protein identified to date that associ-
ates with Scrib’s LRR domain and not its PDZ
domain.

Scrib, Vangl2, and Epithelial Cell Polarity

Studies of Drosophila mutants exhibiting
abnormal epithelial cell shape and organization
led to the identification of evolutionarily con-
served proteins required for the development of
apical/basal polarity [Ohno, 2001; Bilder, 2003;
RohandMargolis, 2003].Crumbs,Bazooka, and
Scrib, the most prominent polarity complexes,
are each composed of several multi-domain
proteins. Recent reports of genetic interactions
among different members of these complexes,
together with careful phenotypic analyses of
mutants, have led to models in which the three
complexes coordinately regulate the develop-
ment of apical/basal polarity [Bilder et al., 2003;
Tanentzapf and Tepass, 2003].

All three complexes function at the PM.
The membrane anchors for the Crumbs and
Bazooka protein complexes in mammals have
been identified as Crumbs and junction adhe-
sion molecule (JAM), respectively. Both are
single transmembrane proteins with C-term-
inal PDZ binding motifs [Hong et al., 2001; Itoh
et al., 2001;Medina et al., 2002;Makarova et al.,
2003]. Our morphological and biochemical
studies are the first to show that Vangl2 is at
the basolateral PM in polarized mammalian
epithelial cells and is a membrane anchor for
the Scrib complex. Vangl2 also has a C-terminal
PDZ binding motif that, although not required
for it’s proper PM localization, is essential
for binding to Scrib. We propose that Vangl2
prefers binding of two PDZs in tandem. This
finding is unusual but not unprecedented, since
the membrane protein Syndecan requires the
two PDZ domains in Syntenin to bind [Groot-
jans et al., 2000]. Furthermore, Syntenin also
binds weakly to the cytoplasmic domains of
Neurexin and B-class ephrins via its tandem
PDZ domains, suggesting that weak PDZ
domain interactions may be used in targeting
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the PDZ protein to a pre-existing molecular
assembly rather than driving the latter’s for-
mation [Grootjans et al., 2000]. In this light,
might Scrib’s PDZ domains 2 and 3 act similarly
to target it to Vangl2 in the basolateral PM?
Alternatively, since the LRR domain also has
basolateral targeting information, which may
be dominant [Zeitler et al., 2004], binding of
Vangl2 to PDZ domains 2 and 3 might stabilize
the membrane-bound Scrib in an extended
conformation to allow additional proteins to
bind to other regions in Scrib. For example,
partners for the LAPmotifs, acidic region, PDZs
1 and 4, and C-terminal 437 aa have yet to be
identified. Recently, a multi-step mechanism
for Scrib’s role in establishing cortical polarity
in fly neuroblasts has been described [Albertson
et al., 2004].

In addition to endo Scrib, we found that endo
Dlg bound theC-terminus of Vangl confirming a
previous report [Torban et al., 2004]. While we
have not performed assays with recombinant
proteins, our detection of only exogenous Scrib
on Coomassie Blue-stained gels after extracts
from transfected HEK293A cells were incu-
batedwithVangl2 beads, strongly suggests that
Scrib can interact directly with Vangl2. If
another protein mediated Scrib’s association
with the beads, it should have been present in
near-stoichiometric amounts.

The interactions among Scrib, Dlg, andVangl
at the lateral PM are complex and not fully
resolved. For example, loss ofDlg inflies leads to
loss of Scrib at the PM [Mathew et al., 2002] but
not the reverse [Roche et al., 2002]. Likewise,
loss ofVangl inflies leads to loss ofDlg at thePM
[Mathew et al., 2002]. Unfortunately, Scrib was
not examined. Nonetheless, the picture emer-
ging has Vangl recruiting Dlg, which in turn
recruits Scrib to bind Vangl2. Additional com-
ponents, not yet identified, are likely to be
involved.

Final Comments

The results of the present study have clearly
established that Lgl2 andVangl2 associatewith
Scrib. There are undoubtedly additional mole-
cules that interact with the multi-domain
scaffold protein to form macromolecular com-
plexes involved in many cellular processes
whose underlying similarity is in their asym-
metric nature. The challenge will be to first
enumerate the compositions of the complexes

and then define their roles spatially and
temporally in different cellular backgrounds.
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