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Background: PRRG proteins were cloned more than a decade ago, but their function is still not known.
Results: Several novel protein-protein interactions for PRRG are identified by array screening and pulldown analysis.
Conclusion: PRRG-initiated signaling events most likely depend on proteins with WW domains.
Significance: The protein-protein interactions identified here may help to elucidate the roles of PRRG proteins in different
physiological settings.

The genes encoding a family of proteins termed proline-rich
�-carboxyglutamic acid (PRRG) proteins were identified and
characterized more than a decade ago, but their functions
remain unknown. These novel membrane proteins have an
extracellular �-carboxyglutamic acid (Gla) protein domain and
cytosolicWWbindingmotifs.We screenedWWdomain arrays
for cytosolic binding partners for PRRG4 and identified novel
protein-protein interactions for the protein.We also uncovered
a new WW binding motif in PRRG4 that is essential for these
newly found protein-protein interactions. Several of the PRRG-
interacting proteins we identified are essential for a variety of
physiologic processes. Our findings indicate possible novel and
previously unidentified functions for PRRG proteins.

The genes encoding the proline-rich �-carboxyglutamic acid
(PRRG)2 proteins were identified and characterized more than
a decade ago. This family of �-carboxyglutamic (Gla) domain-
containing proteins has four members, and each has a hydro-
phobic domain, suggesting that they are membrane-bound
(1, 2).

Gla domains were initially identified in blood coagulation
proteins such as prothrombin, factor VII, factor IX, factor X,
protein C, protein S, and protein Z. However, several proteins
that are not involved in blood coagulation, includingmatrixGla
protein, osteocalcin, and Gas6, also contain Gla domains (3, 4).
Although the expression of Gla proteins of the blood coagula-
tion cascade is largely restricted to hepatic tissue, PRRG pro-
teins are expressed in several extrahepatic sites (1, 2).
PRRG proteins are predicted to be �200 amino acids in

length. They have Gla residues at the extracellular site, and
possible SH3 andWWbinding motifs in the cytosolic domains
(2). The WW domain is among the smallest protein-protein
interaction motifs. It consists of �40 amino acids with two
highly conserved tryptophan residues that are spaced 20–23
amino acids apart (5, 6). Interactions mediated through WW
domains have been associated with several diseases including
cancer and neurological disorders (7–11).
Recent studies indicate a possible role for PRRG4 in disease.

A study on WAGR (WWilms tumor, Aniridia, genitourinary
malformations, and mental retardation) syndrome revealed
that PRRG4 is one of the genes deleted in all of the patients
tested (12). Furthermore, a recent study on mesenteric lymph
node (MLN) gene expression profiles of BALB/c mice in
response to three common food allergens identified PRRG4 as
one of the top 10 up-regulated genes (13). A recent genome-
wide association study to identify genes influencing Parkinson
disease susceptibility showed that the SNP with the lowest p
value lies between PRRG4 and another gene (14).
There are only a handful of studies focused on PRRG genes

and almost no studies addressing the biochemical nature of the
protein itself. The only proteins that are known to interact with
PRRG proteins are YAP1 and NEDD4, both of which can inter-
act with PRRG2 (15, 16). NEDD4 is a ubiquitin ligase, andYAP1
is a downstream target of the Hippo tumor suppressor pathway
(17).
To date, no data exist on the possible function and mecha-

nism of PRRG proteins in human disease. We discovered by
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array screening and confirmedbyGSTpulldown and co-immu-
noprecipitation a number of novel protein-protein interactions
for PRRG proteins. The protein-protein interactions identified
here may help to elucidate PRRG functions in different physio-
logical settings. We also used immunohistochemistry and sub-
cellular fractionation to demonstrate localization of PRRG4 to
the plasmamembrane. Finally, we carried out quantitative anal-
ysis of PRRG2 and PRRG4 expression in different tissues; this
may be useful for studies of the role of PRRG proteins. These
findings contribute to an understanding of the role of PRRG
proteins in disease pathology and the elucidation of their func-
tions in different tissues.

EXPERIMENTAL PROCEDURES

Plasmids—The following plasmids were purchased from
Addgene: FLAG-tagged YAP1, YAP2, YAP1 WW mutant,
YAP1 S127A, YAP2WW1mutant, YAP2WW2 (18), MAGI-1
(19), cool1/�PIX (20), 3�FLAG-tagged TAZ (∂393), TAZWT,
TAZ (∂WW), TAZ (S89A) (21). pCMV6-Entry (C-terminal
Myc- andDDK-tagged) vector,Myc-DDK-taggedORF clone of
PRRG4, Lyn and FLAG-Myc-tagged OSTF, FLAG-Myc-tagged
human PRRG4, WWTR1/TAZ, and GRB2 were purchased
from OriGene. NEDD4L was purchased from Thermo Scien-
tific. The plasmid catalogue numbers can be found in the sup-
plemental Materials and Methods.

The cytosolic domain of PRRG4 from amino acids 138 to 226
was subcloned into PENTR/SD/D-TOPO vector (Invitrogen
catalog number K2420-20) to make an entry vector. The entry
vector was used to produce the N-terminal GST-tagged cyto-
solic domain of PRRG4 for bacterial expression vector Gateway
pDEST15 (catalog number 11802-014) or mammalian expres-
sion vector Gateway pDEST 27 (catalog number 11812-013).
Full-length PRRG4 was subcloned into a pcDNA3.1/V5-His
(Invitrogen) vector for the cellular localization studies using
immunohistochemistry.
GST Pulldown—BL21-AI One Shot chemically competent

Escherichia coli (Invitrogen: catalog number C6070-03) was
used for bacterial expression of the proteins. L-(�)-Arabinose
(Sigma: catalog number A3256) was used to induce protein
expression. GST-BindTM buffer kit (catalog number 70534-3)
was purchased from EMD Biosciences and used according to
manufacturer’s protocol. Details of the experiment can be
found in the supplemental Materials and Methods.
RNA Purification and Quantitative Real Time-PCR—RNA

from tissues were purchased fromAmbion. TaqMan� one-step
RT-PCR master mix (catalog number 4309169) was used for
quantitative real time PCR. TaqMan gene expression assays
(catalog number 4331182) were used. Assay IDs are
Hs00225378_m1 for human PRRG4, Hs00168745_m1 for
human PRRG2, andHs00172187_m1 for human POLR2A. The
relative PRRG2or PRRG4 expressionswere acquired uponnor-
malization of the results against POLR2A.
QuikChange Mutagenesis—We used QuikChange II XL site-

directed mutagenesis kit (Stratagene catalog number 200522)
tomake the pointmutations. The sampleswere prepared as 5�l
of 10� reaction buffer, 1 �l (50 ng) of dsDNA template, 1 �l
(250 ng) of oligonucleotide primer #1 sense, 1 �l (250 ng) of
oligonucleotide primer #2 antisense, 1 �l of dNTP mix, and

double distilled H2O to a final volume of 50 �l, and 1 �l of
PfuTurbo DNA polymerase (2.5 units/�l). Cycling parameters
for the QuikChange site-directed mutagenesis method were as
follows: Step 1, 95 °C, 2 min; Step 2, 17 times (95 °C, 30 s; 55 °C,
1 min; 70 °C, 9 min 40 s); Step 3, 70 °C, 10 min; Step 4, 4 °C
indefinitely. After PCR reaction, 1 �l of the DpnI restriction
enzyme (10 units/�l) was added directly to each amplification
reaction, and the sampleswere incubated at 37 °C for 1 h. 1�l of
the DpnI-treated samples was used to transform XL1-Blue
supercompetent cells. Several colonies were picked and grown
overnight in ampicillin-containing LB solutions. The samples
were sequenced, and the clones that contained the desired
mutation were selected. The sense sequence of the primer for
Y189A mutation is: 5�-GGA GGA TGC AGG ATT ACC TTC
TGC TGA ACA GGC AGT GGC GC-3�, and the antisense
sequence of the primer for Y189A mutation is: 5�-GCG CCA
CTG CCT GTT CAG CAG AAG GTA ATC CTG CAT CCT
CC-3�. The sense sequence of the primer for Y207A is: 5�-CAG
TGT TTC ACC ACC ACC ACC AGC TCC TGG GCA CAC-
3�, and the antisense sequence of the primer for Y207A muta-
tion is: 5�-GTG TGC CCA GGA GCT GGT GGT GGT GGT
GAA ACA CTG-3�.
Cell Lines—HEK293 cell line was a gift fromResearch Vector

Core Facility at The Children’s Hospital of Philadelphia. The
cells were grown at 95% air and 5% carbon dioxide (CO2) con-
ditions at 37 °C. Fetal bovine serum to a final concentration of
10% was added to DMEM (Invitrogen, catalog number 11965).
For the experiments involving detection of post-translational

modification of PRRG4 Gla domain upon vitamin K treatment,
HEK293 cells were initially transfectedwith full-length PRRG4.
The following day, the medium was changed to no FBS-con-
taining DMEM supplemented with 1� insulin/transferrin/so-
dium selenite with the addition of vitamin K (20 �g/ml) or
warfarin (300 �g/ml). After 2 days of incubation, the samples
were lysed and pulled down with V5 or Gla antibodies. Immu-
noblotting was done with anti-V5 antibodies.
Immunoblotting—Samples were prepared with NuPAGE�

LDS sample buffer (catalog number NP0007) and NuPAGE
reducing agents (catalog number NP0004). SeeBlue Plus2
(Invitrogen catalog number LC5925) was used as protein
marker. Samples were run on the NuPAGE Novex 12%
or 4–12% Bis-Tris gels (catalog numbers NP0321BOX,
NP0323BOX, NP0323BOX, NP0341BOX, NP0342BOX, and
NP0343BOX) and transferred to nitrocellulose (Bio-Rad cata-
log number 162-0112; Invitrogen (catalog number LC2000).
The membranes were blocked in SuperBlock blocking buffer
(Pierce, catalog number 37515) for 1 h and incubated with
appropriate primary and secondary antibodies. If the primary
or secondary antibodywasHRP-conjugated, ECL PlusWestern
blotting detection reagents (GEHealthcare Biosciences, catalog
number RPN2132) were used and developed on Kodak BioMax
light film (Z370371). If the secondary antibodies were IRDye
800 or IRDye 680, the Odyssey infrared (LI-COR Biosciences)
system was used to analyze the results.
siRNA Experiments—siGENOME SMARTpool Human

NEDD4 (catalog number M-007178-02-0005), siGENOME
siRNA, human NEDD4 (catalog number D-007178-03-0005
and catalog numberD-007178-04-0005), and siGENOMEnon-
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targeting siRNA Pool #1 (catalog number D-001206-13-05)
were purchased from Thermo Scientific (Dharmacon). Lipo-
fectamine RNAiMAX (Invitrogen catalog number 13778) was
diluted in OPTI-MEM (Invitrogen catalog number 31985-070)
prior to transfection of the cells. The cells were lysed 48–72 h
after transfection.

RESULTS

PRRG4 Localizes to the PlasmaMembrane—Althoughmem-
brane localization of PRRG4 is predicted by sequence proper-
ties, this has not previously been investigated. We used V5
antibodies to examine the localization of the transfected PRRG4-
V5-His (supplemental Fig. 1A) in human embryonic kidney 293
cells and in T47D breast carcinoma cell (supplemental Fig. 2A).
PRRG4 membrane localization was further investigated by cell
surface biotinylation and purification with NeutrAvidin aga-
rose resin. Overexpressed PRRG4 was detected in the plasma
membrane-enriched fraction but not in the cytosolic-enriched
fraction (supplemental Fig. 2B). These results are consistent
with a previous study reporting that the related protein PRRG2
is localized to the plasma membrane (16).
Possible Cytosolic Binding Partners of PRRG4—PRRG4 con-

tains potential WW and SH3 binding motifs (2). Therefore, we
sought to identify WW and SH3 domains that interact with
PRRG4. The cytosolic portion of PRRG4 (PRRG4-cyto) with
V5, His, and HA tags (supplemental Fig. 1B) was incubated
withWWor SH3 arrays containingWWor SH3 domains from
different proteins immobilized on membranes. Each WW or
SH3 domain is immobilized on the membrane in duplicate. 67
differentWWdomains and 130 SH3domains fromhumanpro-
teins were tested for PRRG4 binding. Interacting proteins are
observed as dark spots by chemiluminescent detection (supple-
mental Fig. 3, A and B).
10 proteins from theWWarray and 15proteins from the SH3

array were found to interact with cytosolic PRRG4 (Table 1,
supplemental Table 1, supplemental Fig. 3, A and B). The pro-
teins identified from the WW arrays include two proteins
that were shown to interact with PRRG2 in previous studies
(15, 16), YAP and NEDD4. However, several additional pos-
sible binding partners were identified for the first time.
These proteins are members of the membrane-associated
guanylate kinase (MAGUK) family, MAGI-1 (BAIAP1),

MAGI-2 (AIP-1), MAGI-3; another member of the Hippo
pathway, WWTR1 (TAZ); and several E3 ubiquitin-protein
ligases including, NEDD4L, ITCH, WWP1, and NEDL1.
Most of the hits for the SH3 array are nonreceptor tyrosine
kinases or proteins that regulate cytoskeletal proteins (Table
1 and supplemental Table 1).
Because the arrays only include theWWor SH3 domain and

not the entire possible interacting proteins, we sought to con-
firm their interaction with PRRG4 at the whole protein level.
We selected YAP1, YAP2, WWTR1, MAGI-1, MAGI-3,
NEDD4, and NEDD4L from the WW array and OSTF, cool1/
�PIX, Grb2, and Lyn from the SH3 array. These selections were
based on strength of signal, availability of reagents to enable
further study, and desire to study proteins that represent differ-
ent classes of binding partners. The other hits from the screen
that were not studied further are listed in supplemental Table 1.
We made GST-tagged cytosolic PRRG4 (GST-PRRG4cyto,

supplemental Fig. 1C) and performedGSTpulldowns.Weblot-
ted with the antibodies against the interacting proteins to con-
firm the pulldown. All the testedWWdomain-containing pro-
teins (YAP1, YAP2, WWTR1, MAGI-1, MAGI-3, NEDD4,
NEDD4L) bound to GST-PRRG4cyto but not to the GST-only
control (Fig. 1, A–E). However, none of the possible binding
partners identified from the SH3 array that we tested could be
pulled down via GST-PRRG4cyto in the same experimental
conditions. It is worth noting that we could pull down endoge-
nously expressed NEDD4 and NEDD4L with GST-PRRG4cyto
as well (Fig. 1, D and E, and supplemental Fig. 4). To show the
specificity of the signal from the endogenous NEDD4, we used
an siRNA strategy to knock downNEDD4 proteins in 293 cells.
Endogenous NEDD4 binding to GST-PRRG4cyto decreased
significantly upon siRNA treatment, showing the specificity of
the antibody (supplemental Fig. 4). We could also detect that
binding of endogenous NEDD4L proteins to the cytosolic
PRRG4 and the bound NEDD4L proteins increase upon over-
expression of the NEDD4L protein (Fig. 1D).
We next tested some of these interactions by co-immuno-

precipitation. Cytosolic PRRG4 in a mammalian expression
vector (supplemental Fig. 1D) was co-expressed with FLAG-
tagged proteins (YAP1, YAP2, WWTR1, MAGI-1b, OSTF,
cool1/�PIX,Grb2). Similar toGSTpulldown results,WW-con-

TABLE 1
Summary of protein-protein interactions
This table summarizes all interacting partners that were further tested in this study. Additional proteins identified on domain array screen but not further tested are listed
in supplemental Table I. Co-IP, co-immunoprecipitation.

Symbol Name Array
Binds to PRRG4
in GST pulldown

Binds to PRRG4
in Co-IP

Binds to
PRRG2

MAGI-1 Membrane-associated guanylate kinase-related WW YES YES YES
MAGI-3 Membrane-associated guanylate kinase-related WW YES Not testeda Not tested
YAP Yes-associated protein WW YES YES YESb
TAZ/WWTR1 Transcriptional co-activator with PDZ binding motif WW YES YES YES
NEDD4L E3 ubiquitin-protein ligase WW YES Not testeda YES
NEDD4 E3 ubiquitin-protein ligase WW YES Not testeda YESc
Lyn Src family of non-receptor protein tyrosine kinase Lyn SH3 NO Not testeda Not tested
OSTF OSF: osteoclast-stimulating factor 1 SH3 NO NO Not tested
Grb2 Growth factor receptor-bound protein 2 SH3 Not testedd NO Not tested
�pix/cool1/Y124 PAK-interacting exchange factor � SH3 NO NO Not tested

a MAGI-3, NEDD4L, and Lyn constructs are not FLAG-tagged.
b Source: this study and a previous study (16).
c Source: previous study (15).
d The size of Grb2 is close to GST. Western blot gives non-specific strong bands.

Cytosolic Binding Partners of PRRG4

25910 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 36 • SEPTEMBER 6, 2013



taining candidate proteins could be co-immunoprecipitated in
this assay but not the SH3-containing ones (Fig. 1F).
Sequence Analysis Reveals a Second WW Binding Motif—A

PPXY WW domain binding motif is present in the PRRG4
sequence at amino acids 204–207. This is the WW domain
bindingmotif that was suggested in the original study (2). How-
ever, leucine can substitute for the first proline, and LPXY is
also considered aWWbindingmotif. Sequence analysis reveals
the presence of an LPXY motif at amino acids 186–189 (Fig.
2A). Mutating the tyrosine of (L/P)PXYmotif to alanine inacti-
vates the WW binding motif. The tyrosine residue in both of
theseWWdomain bindingmotifs wasmutated to alanine, thus
forming PRRG4-Y189A or PRRG4-Y207A. The mutants were
then screened for binding to the identified candidates to deter-
mine which motif in PRRG4 facilitates the interaction.
Our results show that the newly identified WW binding

motif LPSY (186–189) is the main binding site for YAP, TAZ,
NEDD4, and NEDD4L (Fig. 2, B and C). Although the LPSY
(186–189) motif seems to be more crucial, PPPY (204–207)
motifs are also important for PRRG4 interaction with MAGI-1
and MAGI-3 interaction (Fig. 2, B and C).
We further examined the interaction between YAP and

PRRG4. YAP1 has only one WW domain (Fig. 3A), and muta-
tion of this domain reduces PRRG4-YAP1 binding (Fig. 3B). On
the other hand, YAP2 has twoWWdomains (Fig. 3A), and both
of the domains are important for interaction (Fig. 3C). YAP
interacts with 14-3-3 upon phosphorylation of the serine resi-
due at 127. When we used YAP1 with a serine 127 to alanine
mutation, the YAP-PRRG4 interaction occurred comparable
with wild type (Fig. 3B), showing that phosphorylation of this
residue is not important for PRRG4-YAP interaction.
Similar to YAP-PRRG4 interaction, deletion of the WW

domain of WWTR1/TAZ diminishes binding to PRRG4 (Fig.

3D). However, neither the deletion of the PDZ binding domain
nor the mutation of serine 89 to alanine (Fig. 3D) had any clear
effect on PRRG4-WWTR1/TAZ interactions.
Expression Profiles of PRRG4 and PRRG2—Both PRRG2 and

PRRG4 are expressed in a variety of tissues according to the
original studies (1, 2). However, quantitative expression in dif-
ferent tissues has not been studied. We determined relative
PRRG4 or PPRG2 RNA expression in 33 human tissues (Fig. 4)
by quantitative RT-PCR.Aswas found in the original studies (1,
2), both are expressed ubiquitously among the tissues tested.
The highest expression was observed in kidney; expression in
other tissues is shown normalized to expression levels in
kidney. There is up to 200-fold variation in expression levels
among the tissues examined, ranging from the highest (kid-
ney, thyroid, breast, lung, etc.) to the lowest (uterus, jeju-
num, proximal colon, duodenum, etc.). In general, relative
expression levels of PRRG4 and PRRG2 are concordant in
most of the tissues, meaning that both are expressed at high,
moderate, or low levels. There are some exceptions to this;
breast has high PRRG4 expression and moderate PRRG2
expression, and brain has moderate PRRG2 expression and
low PRRG4 expression.
Vitamin K Effect on PRRG4 Protein—The Gla protein

domain is characterized by glutamate residues that are post-
translationallymodified by vitaminK-dependent carboxylation
to form �-carboxyglutamate. Monoclonal antibodies against
Gla recognize only the �-carboxylated form but not the uncar-
boxylated form of the Gla domain. We tested the post-transla-
tional modification of the Gla domain of PRRG4 in medium
with vitamin K or warfarin, an inhibitor of vitamin K cycling.
Gla antibody can immunoprecipitate full-length PRRG4 pro-
tein upon vitamin K treatment but not warfarin treatment,
showing that PRRG4 undergoes vitamin K-dependent post-

FIGURE 1. GST pulldown and co-immunoprecipitation experiments confirm findings from the arrays. A–E, GST pulldown was done to confirm the
interaction of PRRG4-cytosolic domain with: MAGI-1 (A); WWTR1/TAZ (B); YAP (C); NEDD4L (D); and NEDD4 (E). WWTR1/TAZ, MAGI-1, and YAP are FLAG-tagged,
and anti-FLAG antibody was used for Western blot. Overexpressed proteins are written at the top of lanes. The cytosolic domain of PRRG4 interacts with
endogenous NEDD4L (D) and NEDD4 (E) in GST pulldown experiments. F, co-immunoprecipitation experiments show that the cytosolic domain of PRRG4
interacts with WW domain-containing YAP, WWTR1, and MAGI-1b but not with SH3 domain-containing Grb2 or cool1/�PIX. Anti-FLAG antibody was used to
immunoprecipitate the FLAG-tagged proteins, and anti-PRRG4 antibody was used for immunoblotting the pulled down PRRG4. Co-expressed cytosolic PRRG4
could be co-immunoprecipitated with MAGI, YAP, and TAZ from HEK293 cell lysates but not with Grb2 or cool1/�PIX.
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translational modification as expected (supplemental Fig. 5A).
Furthermore, a slower migrating form of PRRG4 accumulates
upon warfarin treatment, which may reflect loss of the �-car-
boxylated residues (supplemental Fig. 5B).

DISCUSSION

Although it has been more than 15 years since the initial
identification of PRRG family members, the function of these
Gla domain-containing membrane proteins is still unknown.
As one strategy to probe the function of these proteins, we
analyzed their protein-protein interactions and present here
themost comprehensive such analysis to date. PRRG4, which is
similar to PRRG2 by sequence analysis, has putative SH3 and
WWbindingmotifs in the cytosolic domain. In thework shown
here, we identified several binding partners of PRRG4. Several
of the interacting proteins identified viaWWarray screen were
confirmed by GST pulldown and co-immunoprecipitation
experiments. However, we could not confirm any of the PRRG4
interaction candidates from the SH3 array screenwith the same
methods. There are several other WW and SH3 proteins that
were identified in the screen but have not been studied further
here (supplemental Table 1). Before ruling out the SH3-inter-
acting motif of PRRG4 as nonfunctional, it may be useful to do
further binding experiments involving these other candidate
proteins identified in the screen.
Phosphorylation of certain serine residues is important for

the binding ofHippo pathway proteins to 14-3-3 and for proper
localization in the cell. S127A mutation of YAP and S89A of
WWTR1/TAZ did not affect PRRG4 binding (Fig. 3, B and D),
meaning that this phosphorylation is not crucial for WW
binding.
The role of PRRG proteins in the nervous system also needs

to be studied further. A study ofWAGR syndrome revealed that
PRRG4 is one of only three genes deleted in all of the patients
tested (12).Whether PRRG4 has any role in mental retardation
and autism might be identified by investigating further the
function of PRRG4 protein in the nervous system. Among the
PRRG4- and PRRG2-interacting proteins that we found in this
study,MAGI proteins are particularly interesting in this regard.
MAGI-1, -2, and -3 all contain WW domains and were con-
firmed as PRRG4-binding proteins in our experiments. MAGI
proteins are members of the membrane-associated guanylate
kinase family with inverted domain organization, and they par-
ticipate in the assembly of multiprotein complexes at cell junc-
tions (22). Studies in Caenorhabditis elegans showed that
MAGI-1 proteins are important for memory consolidation and
associative learning (23). The finding here might explain the
learning defect ofWAGR patients, all of whom carry a deletion
of one allele of the PRRG4 gene (12). The PRRG4-MAGI inter-
action should be further studied in terms of the effects of PRRG
proteins on synaptic functions of the neurons. Although we
know that PRRG2 is also expressed in the brain (Fig. 4), more
precise localization of gene expression within the brain may
also shed light on functions of the protein.
A recent study on mesenteric lymph node gene expression

profiles of BALB/c mice in response to three common food
allergens identified PRRG4 as one of the top 10 up-regulated
genes (13). The three allergens used in this study were �-lacto-
globulin (BLG) from cow’s milk, ovalbumin (OVA) from hen’s
egg white, and peanut agglutinin (PNA). Whether any of the
PRRG4-interacting proteins that we identified here is essential

FIGURE 2. Novel WW interaction motif on PRRG4. A, sites of novel WW
interaction motif (186 –189) and previously predicted WW (204 –207) and SH3
(176 –179) interaction motifs (2). TM, transmembrane. B, pulldown results
using wild type and mutated cytosolic domains. First lane, GST only; second
lane, GST-PRRG4 � wild type construct; third lane, GST-PRRG4 Y189A � cyto-
solic domain in which putative WW domain is mutated to LPSA; fourth lane,
GST-PRRG4 Y207A � cytosolic domain construct in which putative WW
domain is mutated to PPPA. Mutation of (L/P)PXY motif at 186 –189 results in
loss or reduction of binding of PRRG4 cytosolic domain with TAZ, YAP1, YAP2,
and MAGI-1 proteins. Mutation of PPXY motif at 204 –207 results in reduction
of binding to MAGI-1 only. C, mutation of (L/P)PXY motif at 186 –189 results in
loss or reduction of binding of PRRG4 cytosolic domain with MAGI-3, NEDD4,
and NEDD4L proteins. Mutation of PPXY motif at 204 –207 does not affect
binding to these partners.
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for this observed allergen response is of interest for further
studies.
Sequence analysis shows that PRRG2 and PRRG4 closely

resemble each other, whereas PRRG1 and PRRG3 are similar to
each other (2). Although we showed that the PRRG4-interact-
ing partners can also bind to PRRG2 (supplemental Fig. 6), it
will also be of interest to determine whether PRRG1 and
PRRG3 interact with these proteins.
The function of the Gla domain is not covered in this study.

We have found that PRRG4 proteins from cells grown in vita-
min K-containing medium can be recognized by anti-Gla anti-
bodies at immunoblotting experiments (supplemental Fig. 5A).
Furthermore, immunoblots with anti-Gla and anti-PRRG4
antibodies resulted inmultiple bands depending on the vitamin
K levels in the medium (supplemental Fig. 5B and data not

FIGURE 3. Effects of mutations of WW domains of YAP and WWTR1/TAZ
on binding to PRRG4. A, domains of WWTR1/TAZ, YAP1, and YAP2 are
shown. YAP2 has an additional WW domain between residues 230 and 263. B,
GST, GST only; GST-PRRG4, cytosolic domain of PRRG4-tagged with GST; YAP1,
wild type YAP1; YAP1 WW, WW domain of YAP1 is mutated by converting

tryptophan 199 to alanine and proline 202 to alanine; YAP1 S127A, serine 127
of YAP1 is mutated to alanine. Mutation of YAP1 WW domain results in reduc-
tion in binding to PRRG4. Mutation of S127A has no impact on binding. Anti-
phospho-Ser-127 (Anti-phospho S127) antibodies weakly recognize the YAP1
S127A as expected. C, YAP2 has two WW domains, both required for efficient
binding to PRRG4. YAP2, wild type YAP2 protein; YAP2 WW1, first WW domain
is mutated (tryptophan 199 to alanine and proline 202 to alanine); YAP2 WW2,
second WW domain is mutated (tryptophan 258 to alanine and proline 261 to
alanine). Mutation of either WW domain of YAP2 results in decreased GST-
PRRG4 binding. D, WWTR1, wild type WWTR1/TAZ protein; WWTR1DeltaWW,
WW domain (amino acids 111–158) is deleted; WWTR1DeltaPDZ, PDZ domain
(amino acids after 393) is deleted; WWTR1-S89A, serine 89 is mutated to ala-
nine. Binding of WWTR1/TAZ to GST-PRRG4 is decreased in the WW domain
deleted form but not in the S89A nor the DeltaPDZ forms.

FIGURE 4. Expression of PRRG4 and PRRG2 in multiple tissues. PRRG4 and
PRRG2 expression in 33 human tissues was tested. Sm. Intestine, small intes-
tine; Periph. leukocytes, peripheral leukocytes; Sk. Muscle, skeletal muscle.
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shown). These multiple bands are likely due to the post-trans-
lational modification of the Gla domain. However, whether
these modifications have any effect on cytoplasmic signaling is
not known. The possible effect of Gla maturation on the WW
protein interactions and the extracellular ligands for PRRG
proteins should be studied further.
This study is themost comprehensive to date of PRRG family

signal transduction. Further analysis of the PRRG4-interacting
proteins identified in this studymay help to elucidate the role of
PRRG4 in cancer, allergy, and neurological disorders.

Acknowledgments—We thank Drs. Rodney M. Camire, Katherine
Marcucci, Giulia Pavani, Valder Arruda, George Buchlis, Daniel
Hui, Rajiv Sharma, and Xavier Anguela for helpful discussions and
Daniel Martinez at The Children’s Hospital of Philadelphia Pathol-
ogy Core Facility.

REFERENCES
1. Kulman, J. D., Harris, J. E., Haldeman, B. A., and Davie, E. W. (1997)

Proline-rich Gla protein 2 is a cell-surface vitamin K-dependent protein
that binds to the transcriptional coactivator Yes-associated protein. Proc.
Natl. Acad. Sci. U.S.A. 94, 9058–9062

2. Kulman, J. D., Harris, J. E., Xie, L., andDavie, E.W. (2001) Identification of
two novel transmembrane �-carboxyglutamic acid proteins expressed
broadly in fetal and adult tissues. Proc. Natl. Acad. Sci. U.S.A. 98,
1370–1375

3. Stitt, T. N., Conn, G., Gore, M., Lai, C., Bruno, J., Radziejewski, C.,
Mattsson, K., Fisher, J., Gies, D. R., Jones, P. F., et al. (1995) The anticoag-
ulation factor protein S and its relative, Gas6, are ligands for the Tyro
3/Axl family of receptor tyrosine kinases. Cell 80, 661–670

4. Goruppi, S., Ruaro, E., and Schneider, C. (1996) Gas6, the ligand of Axl
tyrosine kinase receptor, has mitogenic and survival activities for serum
starved NIH3T3 fibroblasts. Oncogene 12, 471–480

5. Bork, P., and Sudol, M. (1994) The WW domain: a signalling site in dys-
trophin? Trends Biochem. Sci. 19, 531–533

6. Sudol, M., Chen, H. I., Bougeret, C., Einbond, A., and Bork, P. (1995)
Characterization of a novel protein-binding module–the WW domain.
FEBS Lett. 369, 67–71

7. Buschdorf, J. P., and Strätling,W.H. (2004) AWWdomain binding region
inmethyl-CpG-binding proteinMeCP2: impact on Rett syndrome. J. Mol.
Med. (Berl) 82, 135–143

8. Chan, S. W., Lim, C. J., Guo, K., Ng, C. P., Lee, I., Hunziker, W., Zeng, Q.,
and Hong, W. (2008) A role for TAZ in migration, invasion, and tumori-
genesis of breast cancer cells. Cancer Res. 68, 2592–2598

9. Faber, P. W., Barnes, G. T., Srinidhi, J., Chen, J., Gusella, J. F., and Mac-
Donald, M. E. (1998) Huntingtin interacts with a family of WW domain
proteins. Hum. Mol. Genet. 7, 1463–1474

10. Sudol,M., Sliwa, K., andRusso, T. (2001) Functions ofWWdomains in the

nucleus. FEBS Lett. 490, 190–195
11. Wang, X., Trotman, L. C., Koppie, T., Alimonti, A., Chen, Z., Gao, Z.,

Wang, J., Erdjument-Bromage, H., Tempst, P., Cordon-Cardo, C., Pan-
dolfi, P. P., and Jiang, X. (2007) NEDD4–1 is a proto-oncogenic ubiquitin
ligase for PTEN. Cell 128, 129–139

12. Xu, S., Han, J. C., Morales, A., Menzie, C. M., Williams, K., and Fan, Y. S.
(2008) Characterization of 11p14-p12 deletion in WAGR syndrome by
array CGH for identifying genes contributing to mental retardation and
autism. Cytogenet. Genome Res. 122, 181–187

13. Husain, M., Boermans, H. J., and Karrow, N. A. (2011) Mesenteric lymph
node transcriptome profiles in BALB/c mice sensitized to three common
food allergens. BMC. Genomics 12, 12

14. Latourelle, J. C., Pankratz, N., Dumitriu, A., Wilk, J. B., Goldwurm, S.,
Pezzoli, G., Mariani, C. B., DeStefano, A. L., Halter, C., Gusella, J. F., Nich-
ols, W. C., Myers, R. H., and Foroud, T. (2009) Genomewide association
study for onset age in Parkinson disease. BMCMed. Genet. 10, 98

15. Jolliffe, C. N., Harvey, K. F., Haines, B. P., Parasivam, G., and Kumar, S.
(2000) Identification of multiple proteins expressed in murine embryos as
binding partners for the WW domains of the ubiquitin-protein ligase
Nedd4. Biochem. J. 351, 557–565

16. Kulman, J. D., Harris, J. E., Xie, L., andDavie, E.W. (2007) Proline-richGla
protein 2 is a cell-surface vitamin K-dependent protein that binds to the
transcriptional coactivator Yes-associated protein. Proc. Natl. Acad. Sci.
U.S.A. 104, 8767–8772

17. Huang, J., Wu, S., Barrera, J., Matthews, K., and Pan, D. (2005) The Hippo
signaling pathway coordinately regulates cell proliferation and apoptosis
by inactivating Yorkie, the Drosophila homolog of YAP. Cell 122,
421–434

18. Komuro, A., Nagai, M., Navin, N. E., and Sudol, M. (2003) WW domain-
containing protein YAP associates with ErbB-4 and acts as a co-transcrip-
tional activator for the carboxyl-terminal fragment of ErbB-4 that trans-
locates to the nucleus. J. Biol. Chem. 278, 33334–33341

19. Vazquez, F., Grossman, S. R., Takahashi, Y., Rokas, M. V., Nakamura, N.,
and Sellers, W. R. (2001) Phosphorylation of the PTEN tail acts as an
inhibitory switch by preventing its recruitment into a protein complex.
J. Biol. Chem. 276, 48627–48630

20. Mayhew,M.W.,Webb, D. J., Kovalenko,M.,Whitmore, L., Fox, J.W., and
Horwitz, A. F. (2006) Identification of protein networks associated with
the PAK1-�PIX-GIT1-paxillin signaling complex bymass spectrometry. J.
Proteome Res. 5, 2417–2423

21. Varelas, X., Sakuma, R., Samavarchi-Tehrani, P., Peerani, R., Rao, B. M.,
Dembowy, J., Yaffe, M. B., Zandstra, P. W., and Wrana, J. L. (2008) TAZ
controls Smad nucleocytoplasmic shuttling and regulates human embry-
onic stem-cell self-renewal. Nat. Cell Biol. 10, 837–848

22. Dobrosotskaya, I., Guy, R. K., and James, G. L. (1997) MAGI-1, a mem-
brane-associated guanylate kinase with a unique arrangement of protein-
protein interaction domains. J. Biol. Chem. 272, 31589–31597

23. Stetak, A., Hörndli, F., Maricq, A. V., van den Heuvel, S., and Hajnal, A.
(2009) Neuron-specific regulation of associative learning and memory by
MAGI-1 in C. elegans. PLoS One 4, e6019

Cytosolic Binding Partners of PRRG4

25914 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 36 • SEPTEMBER 6, 2013


