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We have recently isolated a novel proline-rich
synapse-associated protein-1 (ProSAP1) that is highly
enriched in postsynaptic density (PSD). A closely related
multidomain protein, ProSAP2, shares a highly con-
served PDZ (PSD-95/discs-large/ZO-1) domain (80% iden-
tity), a ppl domain that mediates the interaction with
cortactin, and a C-terminal SAM (sterile alpha-motif)
domain. In addition, ProSAP2 codes for five ankyrin re-
peats and a SH3 (Src homology 3) domain. Transcripts
for both proteins are coexpressed in many regions of rat
brain, but show a distinct expression pattern in the cer-
ebellum. Using the PDZ domains of ProSAP1 and 2 as
bait in the yeast two-hybrid system, we isolated several
clones of the SAPAP/GKAP (SAP90/PSD-95-associated
protein/guanylate Kkinase-associated protein) family.
The association of the proteins was verified by coimmu-
noprecipitation and cotransfection in HEK cells. There-
fore, proteins of the ProSAP family represent a novel
link between SAP90/PSD-95 bound membrane receptors
and the cytoskeleton at glutamatergic synapses of the

central nervous system. © 1999 Academic Press

Anchoring and clustering of membrane bound re-
ceptors and adhesion molecules at specific sites of
the cell surface generally is mediated by proteins
that are localized underneath the membrane and
connected to the cytoskeleton. The postsynaptic den-
sity (PSD), a highly specialized sub-membranous
network of proteins at synapses of the central ner-
vous system (CNS), includes a variety of adapter
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proteins that are involved in localizing receptors,
adhesion molecules and molecules of the intracellu-
lar signaling cascade within the synapse (1, 2). In
addition they mediate interaction with the actin-
based cytoskeleton that plays an important role in
the organization of PSDs (3).

In recent years major efforts have been under-
taken to identify the protein components of the PSD
(e.g., 4, 5). ldentified PSD proteins include the
membrane-associated guanylate kinases (MAGuUKSs)
SAP90/PSD-95, chapsynl110/PSD93 and SAP102.
This family of proteins moved into the focus of inter-
est because they are involved in recruiting NMDA-
type glutamate receptors, potassium channels, the
cell adhesion molecule neuroligin and multiple com-
ponents of the subsynaptic signaling apparatus to
the PSD (for review see 6, 7). Members of another
family of proteins, named SAPAPs, GKAPs or DAPs,
bind to the C-terminal guanylate kinase domain of
MAGuUKs and are thought to play an important role
in recruiting and clustering of MAGuK-based signal-
ing complexes (8—11).

We have recently shown, that ProSAP1, a novel PSD
component, is identical with the cortacin-binding pro-
tein cortBP1 (12). ProSAP1/CortBP1 harbors a proline-
rich ppl motif which interacts with the SH3 domain of
the actin filament-associated protein cortactin (13).
Here we report that ProSAP1, as well as the related
protein ProSAP2, can interact with SAPAP family
members and thus may represent the molecular inter-
face between synaptic membrane proteins and the cy-
toskeleton. While this study was in progress it has
been shown by Naisbitt et al. (14) that the PDZ-domain
of members of the same protein family also interact
with the C-terminus of GKAP.
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FIG. 1. Structure of ProSAP2 and amino acid sequence alignment of members of the ProSAP family (A) Physical map of the rat ProSAP2
cDNA. The protein coding region is boxed. ProSAP2 is characterized by 5 N-terminal ankyrin repeats (ANK), an SH3, a PDZ and a SAM
domain. A proline-rich ppl domain identical with ProSAP1 and thus potentially interacting with the actin binding protein cortactin is also
indicated. (B) Alignment of the amino acid sequences as deduced from the cDNA of the rat ProSAP family: ProSAP1 (EMBL/GenBank Acc.
No. AJ131899), ProSAP2 (EMBL/GenBank Acc. No. AJ133120) and synamon (EMBL/GenBank Acc. No. AF102855). Identical amino acids
are boxed (identity between: ProSAP1/ProSAP2 32%; ProSAP1/Synamon 35%; ProSAP2/Synamon 47%). ANK repeats (- - -), SH3 domain
(= = =), PDZ domain (+ + +), ppl motif (* * *) and SAM domain (: : :) are indicated above the aligned sequences.

MATERIALS AND METHODS

Cloning of rat ProSAP2. We used a ProSAP1 *P labeled partial
cDNA coding for the PDZ domain (ProSAP1, bp 647-929, Acc No. AJ
133899) to screen AZAPII rat hippocampal and total brain cDNA
libraries (Stratagene, La Jolla, CA) by low stringency hybridization.
The sequence information of several independent ProSAP2 clones
was used to obtain the full length ProSAP2 cDNA sequence employ-
ing a PCR based method for the fast screening of cDNA libraries (15).

In situ hybridization. For in situ hybridization rat brains were
frozen on dry ice in isopentan at —40°C. The brains were cut with a
cryostat in horizontal sections (18 wm), mounted on Superfrost Plus
slides (Menzel, Braunschweig, Germany) and stored at —70°C until
used. ProSAP mRNAs were detected with cDNA antisense oligonu-
cleotides purchased from MWG-Biotech (Ebersberg, Germany): Pro-
SAP1 (Acc. No. AJ131899), 5'-TTC-TTA-CTG-TCT-GTA-GAG-TTG-
GCT-GGT-TGG-CTG-GAG-TTC-3" (bp 3155-3113); ProSAP2 (Acc.
No. AJ 133120), 5'-GTG-GCA-GGT-TCA-CAG-CGA-ATA-CCA-GCT-
CTG-GCT-CCT-3' (bp 4096—bp 4060) and 5'-TCA-GGA-CTG-TGC-
ACG-GGT-GTG-GGG-GAC-CGG-GAA-3' (bp 3644—bp 3612). Both
ProSAP2 probes yielded identical hybridization patterns. Hybridiza-
tion was performed as previously described (12).

Yeast two hybrid screen. The yeast two hybrid screen was per-
formed using the Y190 yeast strain harboring the reporter genes
HIS3 and B-galactosidase (B-gal) under the control of upstream
GAL1 activating sequence. As a bait the PDZ-domain of ProSAP1 (aa
42-131) and ProSAP2 (aa 670-760) was fused the GAL4 DNA bind-
ing domain in vector pAS2-1 Vektor (Clontech, San Diego, CA). A rat
brain cDNA library cloned into in the pACT Vektor (GAL4 activation
domain, Clontech, San Diego, CA) was screened. Putative protein-
protein interactions in yeast were tested by the ability to activate
both HIS3 and lacZ gene transcription. To eliminate false positives
putative interaction partners the library plasmids were cotrans-
formed with various bait constructs and afterwards candidates were
sequenced.

Cell culture experiments and immunoprecipitation. To test the
interaction between SAPAPs/GKAPs and ProSAPs in HEK cells,
subregions of ProSAP2 cDNA were cloned into the GFP-expression
Vektor (pEGFP, Clontech, San Diego, CA) using PCR strategies.
GFP-ProSAP2"% included aa 638 to 746 and GFP-PDZ“"*™ aa 1022
to 1806 of ProSAP2. Afterwards these expression vectors were co-
transfected with expression vectors for GKAP, SAP90 and the Kv1.4
potassium channel (8, 16) into HEK cells using the Lipofectamine
method (DAK30, Eurogentec, Belgium). Cells were stained with an
anti Kv1.4 antibody (upstate biotechnology, Lake Placid, NY) with
Cy3 coupled secondary antibodies. Images were taken using a Leitz
DMR XE fluorescence microscope equipped with Leica filter sets
N2.1 and L4.

For immunoprecipitation transfected HEK cells were harvested,
washed twice with PBS, solubilized in Tris-buffered saline (TBS)/1%

deoxycholate/0.1% Triton X-100 (1 h at 4°C) and then centrifuged for
1 h at 40,000g. Rat brain membranes (P2) were prepared as de-
scribed (17) and solubilized using the method of Xia et al. (18).

The following antibodies were used in immunoprecipitation and
immunodetection experiments: rabbit anti-ProSAP1 (12), monoclo-
nal anti-GKAP (produced by the UAB hybridoma facilities against
recombinant GKAP), anti-SAP90/PSD-95 (Transduction Laborato-
ries, UK), and anti-GFP (Clontech). Control rabbit 1gG fraction was
obtained from Sigma, Munich, Germany). About 20 ul primary an-
tibody was preincubated with 50 wl of a 1:1 slurry of GammaBind-
Sepharose (Pharmacia) and the GammaBind-antibody complex was
collected as described (18). The supernatant of solubilized P2 fraction
(500 ng) or 600 ul of clarified cell lysate were added and incubated
overnight at 4°C. The mixture was then washed once with TBS/1%
Triton X-100, twice with TBS/1% Triton X-100 plus 350 mM NaCl
and finally three times with TBS. Immunoprecipitated proteins were
separated by SDS-PAGE and blotted onto nitrocellulose mem-
branes. Immunoreactivity was visualized by HRP-conjugated sec-
ondary antibodies and ECL chemiluminescence (Amersham Buchler,
Braunschweig, Germany).

RESULTS AND DISCUSSION

ProSAP2 is a member of the ProSAP family of
PDZ domain proteins. Several independent ProSAP2
cDNA clones were isolated by low stringency hybrid-
ization with a cDNA fragment encoding the PDZ do-
main of the recently identified PSD protein ProSAP1
(12). The sequence information of these clones was
exploited to isolate another 12 independent clones us-
ing a PCR-based cloning method. From these clones
full-length cDNA could be assembled and complete nu-
cleotide sequence was obtained. The ProSAP2 cDNA
harbors an open reading frame for a 1806-aa proline-
rich protein (12% prolines). Several structural domains
can be predicted (Fig. 1) which are conserved between
ProSAP1, ProSAP2 and synamon, the known members
of the ProSAP family. The sequence of the latter pro-
tein is included in public databases (Acc. No.
AF102855). The PDZ domains of these proteins share
80% sequence identity with each other (Fig. 1B), but
only moderate similarity with other characterized PDZ
domains (12). A C-terminal SAM domain (19) is nearly
identical within the protein family. The ppl domain
(PPVPPKP) that directly interacts with the cortactin
SH3 domain (13) is only conserved between ProSAP1

248



Vol. 264, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ProSAP1 1

ProSAP2 1 MQLNHAAVAAAAPAPPPLPALA APAPPPLPRAVGTLAGGP SECAPLAGNSPGATGME
Synamon 1o mT H s plalt slelo elelr nlsla s e clele 6 - - -lals € s plsls e olale 6 rlalrlaglT R alelant alslt raclaglrs M
ProSAP1 T B T S S TR
ProSAP2 78 GPGAAVVEIVQQTKCLRLD TPV VLCALNHSLQDlALNYGLFQPF’SR AGKDODP
Synamon 87 D AHFisIMmmivIFial pDIIHIQT ¥ BIF NiplotalT 1 Q) SE v ATS DAN E R Ely.plQ
ProSAP1 1 - e e R

ProSAP2 155 NLDTPLPYLEFRYKRA NL I DFI KLHTKlANLKKFlMDlYVQLIHSTlDK\/ARLLDKGLDPNlFPlDSGECS
Synamon 144 SFEKG Ve pydtley yiklolr nilolelg ol lak i nr kel k kel elyvgiloTslokvani 1 oGl ppNlviiplslpsGelTie LTl A
ProSAP1 S s et S s I U

ProSAP2 232 VRNGGAHLT LVCTRO NAGTLLDLGADSRGLTPLYSL
ThlcL aHlIDE BIA miralc lklala ¢ algln ¢ Lla A D G Ny k DlR plFlplTialmy

Synamon 221

ProSAP1 ot Y
ProSAP2 309 |E LL L|H D HIA QL

Synamon 298 Lt LYy NRlaQL

P >

eol
]
>
5 0]
oy
> =
b o
=3
> O
fn m
- =
0
b o
OB
Bl
EZ]
[ T
B <
o
T
-
m
x
-
-
n
=<
o}
>
m=
o
o]
3

>

=4

> >
b o
o¥o}
z =
H
B >
-
fr =
> o
> >
it
(< <
Iz =
=0
£l
=1
[s)
H
D
—<
=
0
<
g
=X=1f

ProSAP1 et U T
ProSAP2 386 RY SA\AV KTKDSRT SKL RPQ@SAINLK rrrrrrr
Synamon 375 kindnlndelo Tirle o v alvliagn oleju LR nlgls € aln e elalglslelkly ala G pal)ilela nisplit smaL PDWMY F
ProSAP1 1

ProSAP2 456
Synamon 452

ProSAP1 1
ProSAP2 520
Synamon 529

ProSAP1 1
ProSAP2 597
Synamon 606

o]
E

Q
ProSAP1 66
ProSAR2 674

i VVTVTHNLIEPT

L yiMjk v v|s|v T R]- k B E E]Dis|a BIR

Synamon 683 VIK M| H ploIMile A v Rk
ProSAP1 143 [KarPPPPKRAPIT[TALTLRSKSMTAELEELYIDKASVIRKKKID . - - - - - - - - o o oo oo o oo oo o p KPSRT
ProSAP2 750 .- oalsERIklG[EY- - - - o o o o AEPTL
Synamon 760 EQQPAAVPSMEKKRTVYQMALNIKLD aAaslcaT s
vy ravmteTvEes PFELG RGTMROK-
L FIER LPGPEKLPGSL 1P T\/GEDKLA L
HrRslafPsyorrsrFLlplralplet mLlglolk sitlgla alelo o rP Y
sfprrlesElr Ty nclBlals]l- - - - - Elr e T
PlPEPGIRAYDTVR KPL---EA L GA
plF nlefs slalclelt P A s S F olalr s p[Elo Tlala RE
mey[Rlreldor - - - - - - Fs s £ 0y v[slR
SAE Voo e e e pivipir AéA
prlegl alderar st rawnrlale clelslelT[Sela

ProSAP1 196 1 FL[s]-
ProSAP2 801 FPalslr
Synamon 834 AMKF -
ProSAP1 269 v

ProSAP2 876
Synamon 908

ProSAP1 332
ProSAP2 943
Synamon 984

®»
0o -
e
-
—~ . T
T 0T
oo o
U U T
s
[l X%
O W<

o m-
e
Towm
TXO
mxo -
> TP <
Mm@ >
Bl
o-=
w-—-mn
orrm
=R oR-

A

ProSAP1 382 [Elafrlaa a r[R]r k[Rle cmFle nfF]- - - -Fls e - v PAKP -IRK LVKQISN s TC - - v v - s e e e
ProSAP2 988 [g]P £ R P K|glr plriP oslel- - - cJvjan TS L P ofr]-|p xlslP'L vk alL AALAVG ---------
Synamon 1061 siplsHHSsssGaGs BITQAPAL FalllPPRlAAS A AIMY Y P AIRS GIRBIGIRK GP I VK QIT K Eleleolklas 1 PsalglsPTTPALPR
ProSAP1 P BT iviKer s T e [ G miEl plEle A T € P[d]a r o ofelt s[PIFAAA(AGAVRDREKRL
ProSAP2 1049 - VIEGIEIVG rrrrrrrrrr E A p s[ET i 8lalp Gl ovyssG - - - - elal- LTF (iG PIVKER -« « - - o - oo oo
synamon 1138 s elelplelalalelsle k NET P 1P T iy R TEla el T orolal- Alalc cals]sle s elalelaTsPvePrspPspPyvPTPA
ProSAP1 504 EARRNSPAFLsTOLGoEDR L - - - - - [Glrpapn Slkrp afG ereapr[(JElrPcaAPEEL ENH e A

ProSAP2 1096 - - - - - .. oLl L RLERRRSTVV A pPsADL|- - - - - - 1<) OPRLL

Synamon 1214 spsapPATLDFTsoF[@A ALl GlAARKEclEwonElalBER S TI Tolacphenlean s cldaEe a p pale g Lr Hlslk D MF S
ProSAPT 576 Q- - - - - - - GEAGE]PLST AGPE AAALKS asBlenvierPLTaleL[cDPSSPLAL A LA ® Al clEsle ofdH k
ProSAP2 1138 GA - - - -TT|afrRDL Lt Plspv Llklp L v pls L apsalsfif]- - —- - - HPLTGKlP[LDPSSPL LALAARERALA@ -----
Synamon 1291 EpviLRLEslalesslAdavyceavalalasrTy scassDAFTEEL PEIRPL A G K sellaa

ProSAP1 646 cealflk apt k[Pl B - - - - - - - oo . kMrEJsyesarppyvTRONT rroeTENKYe@pLskoalRlaobk
ProSAP2 1199 --ss TP~ oo - e e v D anép.pvovorqlﬁjs RGP spAFspbsdsp wilplvPl[ARRIEAE
synamon 1368 T plap plrlalrlpisiplrRMoar PP T e s P Hs PluselrlalrvelIvid- RLwaeo P alglr vy rlalot a s aefgla L[1]a slelr Alan g

ProSAP1 706 NML NIVDTAQ- - - - - - QKSAGLLMVHIVDIP GEPEEIEED-R DGDKPDHS STVEGVPKTEALOIS A
ProSAP2 1256 ---RE ----------- RKS EDKKMILS 0 I slia PAGI VHAIIJSNGQE NRLAEE—EHP TPELAT
Synamon 1443 HRLPleIjaraverLLLaLGPlElPrTlRlHP avisik awrTlaAlalRle e PlElR L PldHlviR FLENC QA RIRIP P ALGITRG - SSTEDGP G VIEIPLR
ProSAP1 776  E[E parTivaaasvEEAvY PFRI L[me F LPe S IElboralals - - - AL ADL VK
ProSAP2 1318 M\/AEPMPAQ GS - - £ E PlE FA LPP slgls EE@HEE aAlrR 1 GL pleleeFaN
Synamon 1519 s[elRRvVLPTsPTlsPRIGN NGLIEJL L VL D@GFFLF EeLppPI EFFSsNSFEIKIPIESPLITPGPPHIRILIRIDP PSP

ProSAP1 850 QKK
ProSAP2 1392 Gt
Synamon 1596 A TP

DLP SQPIANSTIDSK - - - « -« -« -« - - - keplRle - -1 sncLPssFL -pfFlPESEDAV - - - - - - - oo
-T L [plz] vpp -------------------- K SSEL - R [
plala aler1lioleltlaslst trsypsevatiTacEraarlablelrara-lepariaarlajrrararcprDpPPpallD
ProSAP1 901 EEIif]D[%Hsss LETTSTISTVSS|tfsTes]- - - - - - DTC\/ ADG&FVVDKPPVPPKPKM
ProSAP2 1433 eelaolidrs s s LETLS sTyssmstrsl- - - - - - [s] o Tinlrls DG FlLLE pyr Py Pk
Synamon 1672 P lsfs A L Lis[iEcaanTGeavacaeaayaslar Loy v alyle casarlele vlelp ot
ProSAP1 964 E -------------- vHKksNaLvoplilpeen - - - - - - - - - FyrppprpaBlPElE . - - - - - Ela slAloa cida k1 ol
ProSAP2 1496 slpf- - - - - - oo GKVT-FRDF’ LKQ --------- EMAOOH@A r---Lé]s GAEREYZ]LFI%
Synamon 1749 MTPskLRGRALGTsanNlrPlaplsaaLleDeIVTPTIslPTVvsvTaaalioglillaL saclelg a v alalelplvialv elejelv plrlvle o
ProSAPt 1010 tfsxi]---- - - G TEK 18 Y ) PP Al N |LQQM|E|RGKSVKG LeLbeyoakEaNL -
ProSAP2 1545 Rlsgtef- - - - - - ”E'Dp E G| EDD - - - - - - - - - P T RlL QofL KDTRSLE V»-LSEL - -
Synamon 1826 A Als[slile Rk L L rule elalp s PP PlRlPlL e Gl scPaasaL AT VIKAlS klLoaglFcassTaalalaLlewar slglalstinls H
ProSAP1 1068 - - -[ElpAs vMsltvsaT TTVTF R TsaPfi]- -zLaosrlePlo - - - - o o e e e e e
ProSAP2 1601 .« - - - - - AKK|s[P 1 aAA Fooen S E LT s afgr slPlaae|- - - - - - GAYV R G ---------
Synamon 1903 Haalals v ileElrTlslsL oralrilsED s 4 sk elsls s 1 Flanwlelkleele P e L p TlalslalvisislelraAAAPGATS ASSASASTRH
ProSAP1 1107 - - - - - viEs[Rr GPRRAF‘SPVS splvefstBl- - - - - - - - 5Qs G Fooo-
ProSAP2 1644 . . . . . . . . Y@vARRAPSPV K Elaji TP LKSS 1o - PHEIP|- KE R\/R~
Synamon 1980 L aa v E FEIMElPlelL Lla pls L Llp A sD p 1 vlelGlr R TGGAGGSTDIR|-FA PPH
ProSAP1 1164 Hear | sk TT Hcw T klefJovapwt £ s LN G E HICE T[F[m[D ElEE]Grz]HLP Lok E
. rls]a alp]r & QQ alLw KFDvI_éJDWLE Wi ae v R rfrlelo HE I[E]alaliL PAL TKE

lf]L L rlelolke Ele alg pilaF Gl fsie AQlEJLlDHE I DGSHI PALTKE

SLN
GPG
AV A
D HH
D

- oOrw

]

©wo
o

A
- A
v
P

ProSAPR2 1705
Synamon 2056

ProSAP1 1234
ProSAP2 1781
Synamon 2133

FIG. 1—Continued
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FIG. 2. Distribution of ProSAP1 (A) and ProSAP2 (B) in rat
cerebellum in situ hybridization to rat brain sections with *S-
labeled ProSAP1 and ProSAP2 antisense oligonucleotides reveals
that ProSAPL1 is strongly expressed in Purkinje cells (arrows) and
shows a moderate labeling in the molecular layer (ML), whereas
ProSAP2 is highly expressed in the granular cell layer (GCL). Mag-
nification: 250-fold.

and ProSAP2. At the N-terminus ProSAP2 and syna-
mon contain five N-terminal ankyrin repeats followed
by a SH3 domain. This region is missing in ProSAP1
(Fig. 1B). Homology searches revealed that the re-
cently identified proteins of the Shank family of pro-
teins (14) belong to the same family or represent splice
variants of the different ProSAP proteins.

Northern analysis suggests that both ProSAP1 and 2
are expressed specifically in the brain (not shown). To
examine the spatial distribution of the transcripts we
performed in situ hybridization studies to horizontal
brain sections with antisense oligonucleotides directed
against the C-terminal parts of the ProSAP1 and Pro-
SAP2 mRNAs. ProSAP1 transcripts are highly ex-
pressed and widely distributed in neurons of the rat
brain (12). In most brain regions, including cerebral
cortex and hippocampus ProSAP1 and ProSAP2 ap-
pear codistributed (data not shown), whereas in the
cerebellum a complementary distribution is observed
(Fig. 2). ProSAP1 is primarily expressed in Purkinje
cells, whereas ProSAP2 transcripts are only found in
the granular cell layer of the cerebellum.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Identification of ProSAP interacting proteins. A
hallmark of the ProSAP family of multidomain pro-
teins is a new type of PDZ domain that is highly con-
served within this family as well as between species
(12). Therefore we performed a yeast two-hybrid screen
using the ProSAP2 PDZ domain as a bait. Several of
the isolated cDNAs encoded SAPAP family members
(i.e., 1X SAPAP1/GKAP, 1X SAPAP2, 4X SAPAPS3, 1X
SAPAP4). In yeast these clones also interacted with
baits containing the PDZ domain of ProSAP1. ProSAP1
originally has been isolated as a protein contained in
synaptic junctional protein preparations from rat brain
(4, 20). Biochemical analysis and ultra-structural local-
ization studies revealed that ProSAPL1 is indeed a com-
ponent of the PSD of excitatory brain (12). Therefore
we were sought to analyze in more detail the interac-
tion between ProSAPs and SAPAPS/GKAPSs, which are
known to be PSD constituents (9). To this end, coex-
pression studies of different regions of ProSAP2 tagged
with GFP with SAPAP1/GKAP, SAP90/PSD-95 and
Kv1.4 potassium channels were performed in HEK
cells. The latter 3 proteins have been shown to form
clusters when coexpressed in COS cells (8). If the PDZ2
domain of ProSAP2 is present, the GFP fluorescence
colocalizes with SAPAP1-SAP90-Kv1.4 clusters as de-
tected with anti-Kv1.4 antibodies (Fig. 3A). In con-
trast, if the C-terminal region of ProSAP2 without the
PDZ domain is cotransfected, no colocalization of GFP
with SAPAP1/GKAP-SAP90/PSD-95-Kv1.4 clusters is
observed. Also GFP-ProSAP2 (PDZ domain) does not
cocluster if cotransfected with SAP90/PSD95 + Kvl.4
potassium channel alone (data not shown). Coimmuno-
precipitation experiments further support the view
that ProSAP2 is recruited to the clusters via its PDZ
domain (Fig. 3B). From HEK cells cotransfected with
GFP-ProSAP2°*“™, SAPAP1/GKAP, SAP90/PSD-95,
Kv1.4, neither GKAP nor SAP90/PSD-95 can be immu-
noprecipitated with anti-GFP antibodies, whereas both
GKAP and SAP90/PSD-95 are coimmunoprecipitated
with anti-GKAP and anti-SAP90 antibodies. In the
presence of GFP-ProSAP27%*, however, anti-GFP anti-
bodies coimmunoprecipitate GKAP and SAP90/PSD-
95. To assess whether ProSAPs, SAPAPs and MAGUKs
may also interact in vivo, we performed immunopre-
cipitation experiments with anti-ProSAP1 and anti-
GKAP antibodies from brain detergent extracts (Fig.
3C). Both antibodies coimmunoprecipitate ProSAP1,
SAPAP1/GKAP and SAP90/PSD-95, suggesting that
the three proteins are present in naturally occurring
protein complexes.

Our experiments indicate that ProSAPs interact
with proteins of the SAPAP/GKAP family via their
PDZ domain. The yeast two hybrid screen gives also
some clue to the region of SAPAPs that mediates this
interaction. All 7 SAPAP cDNAs isolated in the screen
included the C-terminus. The four SAPAPs share a
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FIG. 3. Coclustering and Coimmunprecipitation of ProSAPs,
GKAP, SAP90/PSD-95 and Kv1.4 in transfected HEK cells and in rat
brain. (A) HEK cells were transfected with GFP-ProSAP2 (PDZ
domain) alone, GFP-ProSAP2 (PDZ-domain) + GKAP + SAP90/
PSD95 + Kv.1.4 potassium channel or with GFP-ProSAP2 (C-
terminus without PDZ domain) + SAP90/PSD95 + Kv1.4 potassium
channel. Cells were stained using a polyclonal antibody generated
against Kv1.4 and a CY3 labeled secondary antibody (right panel).
GFP-ProSAP2 (PDZ domain) is evenly distributed in the cytoplasm
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completely conserved C-terminal sequence (-AQTRL)
(8, 11), and one of the clones (SAPAP3/26) coded for
only the last 40 C-terminal amino acids. Therefore we
assume that the interaction motif for the ProSAP PDZ
domain is the C-terminus of the SAPAPs. This is con-
sistent with the major mode of target interaction de-
scribed for other PDZ domains, which has been first
described for the interaction of NMDA receptor and
potassium channels subunits with the PDZ domains of
MAGuKs (21, 22).

SAPAPs/GKAPs are supposed to be essential for the
recruitment of MAGuKs, like SAP90/PSD-95, into the
synaptic membrane (8, 9, 11) and both proteins may be
essential for the synaptic localization of NMDA recep-
tors (23). During synaptogenesis ProSAP1 appears
very early at the developing PSD (12). ProSAP1 can be
detected in PSD preparations about a week earlier
than SAP90/PSD-95 and the NR1 subunit of the
NMDA receptor. Here we have shown that the PDZ
domain of the ProSAPs interacts directly with the
SAPAP/GKAP family of synaptic proteins. This inter-
action may be an early step in the assembly of the
postsynaptic apparatus.

The findings of this paper shed some light on the
complexity of the network of proteins linking the
synaptic membrane proteins to the cytoskeleton.
MAGUKSs serve as primary sockets to plug in neuro-
transmitter receptors, ion channels and synaptic cell
adhesion molecules (6, 24-26). Via SAPAPsS/GKAPs
these complexes are linked to members of the Pro-
SAP protein family. On the other hand ProSAPs
interact with the actin cytoskeleton via cortactin
(13). Thus these multi-domain proteins constitute a
novel family of PSD proteins that are supposed to be
placed in the center of the synaptic protein ensemble
and may play an important role in the organization
of the PSD during synaptogenesis and its reorgani-
zation during synaptic plasticity.

when transfected alone but is recruited into clusters when cotrans-
fected with K.v.1.4 + SAP90/PSD-95 and GKAP. GFP-ProSAP2 (C-
terminus without PDZ domain) does not cocluster if cotransfected.
GFP-ProSAP2 (PDZ domain). (B) Extracts from transfected HEK
cells (ProSAP2/C-term + GKAP + SAP90/PSD-95 + Kv1.4 and
ProSAP2/PDZ domain + GKAP + SAP90/PSD-95 + Kv1.4) were
immunoprecipitated with anti-GFP, anti-SAP90/PSD-95 and anti-
GKAP antibodies as indicated. The immunoprecipitates as well as a
rat brain PSD protein fraction were immunoblotted for GKAP and
SAP90/PSD-95. Substantial amounts of GKAP and SAP90/PSD-95
can only be detected in GFP-precipitates if the GFP-ProSAP2/PDZ
domain construct is present. (C) Rat brain extracts were immuno-
precipitated with ProSAP1, GKAP or control (IgG) and immunopre-
cipitates were immunoblotted for GKAP, SAP90/PSD-95 and Pro-
SAP1. After immunoprecipitation with rabbit anti-ProSAP1
antibodies, GKAP and SAP90/PSD-95 can be detected. Immunopre-
cipitates with GKAP antibodies contain GKAP, SAP90/PSD95 and
ProSAP1 immunoreactivity.
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