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Interaction of RAFT1 with
Gephyrin Required for
Rapamycin-Sensitive Signaling
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RAFT1 (rapamycin and FKBP12 target 1; also called FRAP or mTORY) is a member
of the ATM (ataxia telangiectasia mutated)-related family of proteins and
functions as the in vivo mediator of the effects of the immunosuppressant
rapamycin and as an important regulator of messenger RNA translation. In
mammalian cells RAFT1 interacted with gephyrin, a widely expressed protein
necessary for the clustering of glycine receptors at the cell membrane of
neurons. RAFT1 mutants that could not associate with gephyrin failed to signal
to downstream molecules, including the p70 ribosomal S6 kinase and the elF-4E
binding protein, 4E-BP1. The interaction with gephyrin ascribes a function to the
large amino-terminal region of an ATM-related protein and reveals a role in
signal transduction for the clustering protein gephyrin.

Proteins of the ATM family participate in cell
cycle progression by linking signals from
growth factor receptors and internal check-
points to the cell cycle machinery. These cell
cycle regulators are members of the kinase
superfamily and include the gene product of
the ataxia telangiectasia locus (47M), the
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catalytic subunit of the DNA-activated pro-
tein kinase (DNA-PKcs), RAFT1 or FRAP,
and the products of the yeast genes TORI,
TOR2, and TELI (1).

RAFT] and its yeast homologs, the TOR
proteins, are the in vivo targets for the com-
plex of rapamycin with its intracellular recep-
tor, FKBP12. Rapamycin is a potent im-
munosuppressant that prevents progression
through the G, phase of the cell cycle in
various cell types, including T lymphocytes
and budding yeast (2). The effects of rapa-
mycin point to a role for RAFT1 and the
TORs in cell cycle regulation, and increasing
evidence indicates that they participate in
mitogen-stimulated signaling pathways that
control mRNA translation. In mammalian
cells RAFT1 controls the rapamycin-sensi-
tive phosphorylation of at least two transla-
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tional regulators: the p70 ribosomal S6 kinase
(p705°%) and 4E-BP1, an inhibitor of the cap
binding protein elF-4E (3, 4). In yeast, TOR
function is necessary for initiation of mRNA
translation and may contribute to a check-
point that prevents cell cycle progression in
the absence of nutrients (5).

All ATM-related proteins are large (greater
than 200 kD) and have a COOH-terminal re-
gion with similarity to the catalytic domains of
phosphoinositide 3- and 4-kinases (6). Despite
this similarity, RAFT1 and related proteins ap-
pear to be protein kinases, and RAFT1 immu-
noprecipitates directly phosphorylate p705¢k
(7) and 4E-BP1 in vitro (4, 7).

REPORTS

To identify proteins that may interact with
the first 2000 residues of RAFT1, we arbi-
trarily subdivided this region and used each
part individually as bait in a yeast two-hybrid
screen of a rat hippocampal expression li-
brary (8). Amino acids 944 to 1338 of
RAFT]1 interacted with gephyrin, a tubulin-
binding protein necessary for the postsynap-
tic clustering of glycine receptors in spinal
cord neurons (9). Residues 1010 to 1128 are
the smallest part of RAFTI that interacted
with gephyrin in the yeast two-hybrid assay
and represent the minimal gephyrin-binding
domain (GBD) of RAFT! (Fig. 1A). Align-
ment of the 118-amino acid GBD and the

Fig. 1. Specific interac- A p-Gal  HIS3
tion between gephyrin  pNa-binding-domain-hybrid Activation-domain-hybid ~ activity  activity
and amino acids (aa) RAFT 3 :
944 to 1338 of RAFT ot B e o Tt A
(A) Interaction of indi- ok ok 40 i - ) e 3
cated RAFT1 fragments = PAGE e S04:1070). . - Geplngin (aa 208056} i *
with gephyrin in yeast e RAFT1 (aa 944-1064)  Gephyrin (aa 209-685) e +
two-hybrid system (8). RAFT1 (aa 944-1046)  Gephyrin (aa 209-685) - -
;?efﬁf:ﬁvwfirf EC?GFZ‘: —— RAFT1 (aa 1010-1128)  Gephyrin (aa 209-685) e -
+++ blue color in p— RAFT1 (aa 1010-1080)  Gephyrin (aa 209-685) - -
<15 min; ++, blue — RAFT1 (aa 1010-1064)  Gephyrin (aa 209-685) 2 5
i)lobrhijr; lgl ot:)i:i?itrg — RAFT1 (aa 1010-1046)  Gephyrin (aa 209-685) - =

’ —— . T L - - -
120 min; =, no blue col- ZOLECEN ¢
or in <24 hours. For ST RITURETIN, ¢ S g §
HIS3: +, growth or —, ¥ Gephyrin (aa 209-685) - -
no growth on histidine-
free media. (B) Resi- 2
dues 1017 to 1046 of %‘GW‘? 40sCKKUCTSKSID LRSNDF STUGS P RDEC LSHY 435

% simi o Sl b fE e B Hi

E:E:’;dirsstso? tS(|)m4|g55r RAFT1 1017GM L¥SFVESHIRPYMDEIN -TEMREEWVMNT 1048 7%3@3%

of the B-chain of the
glycine receptor (20).
Isoleucine 1034 is criti-
cal for the RAFT1-
gephyrin interaction; re-
placement with lysine

RAFT1 Wildtype  +++ +

e K== RAFT1 EF1040-1KK ++ -

== KR~ —————-— RAFT1IVi034-5kR
————— L RAFT1 1034K -
————— A————————————— RAFT11034A +H o+
—————— R——=————————— RAFT1 V10358 + o+
A- -——=-=== RAFT1V1035A +++  +

or alanine abolishes or reduces, respectively, the association (8).

&
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e —— == @RAFTI € &
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Fig. 2. Interaction of full-length RAFT1 with e
gephyrin in vitro and in vivo, and effects of Lysates o et g o w— < MYyCRAFT1
mutations in the GBD of RAFT1 on the Blot: anti-myc
association. (A) Endogenous RAFT1 from
HEK293 cells interacted with GST-gephyrin 50—
but not with GST alone. The addition of 10 o < MycRAFTH
nM rapamycin (Rapa) to the cell lysates did IPs: anti-HA
not disrupt the interaction. Results are rep- g 2" o
resentative of three separate experiments : 4
(77). (B) The indicated mycRAFT1 variants 98
were expressed with epitope-tagged ,
gephyrin in HEK293 cells. RAFT1 coimmu- 64—
noprecipitating with anti-gephyrin immu- Lysates
noprecipitates was detected with immuno- Blot: anti-HA :
blotting (middle panel) as were expression 5o  SESGEESSSSSemms = < HA-gephyrin

of RAFT1 variants (top) and gephyrin (bot-

tom). Results are representative of three separate experiments (72).
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intracellular loop of the B subunit of the
glycine receptor revealed that residues 1017
to 1046 of RAFTI share 45% sequence sim-
ilarity to residues 405 to 435 of the glycine
receptor (Fig. 1B). This is the same region of
the receptor that interacts with gephyrin (/0).
By mutating several of the residues con-
served between RAFTI and the glycine re-
ceptor we created RAFT1 mutants that do not
interact with gephyrin (RAFT1 11034K and
1V1034-5KR) or that show decreased binding
to gephyrin relative to that of the wild-type
protein (RAFTI 11034A) (Fig. 1B).

We used an in vitro binding assay to
determine that full-length RAFT1 also inter-
acts with gephyrin (/7). Endogenous RAFT1
from detergent lysates of human embryonic
kidney (HEK293) cells bound to a glutathi-
one S-transferase (GST)-gephyrin affinity res-
in but not to one made with GST alone (Fig.
2A). The gephyrin-RAFT1 interaction was
unaffected by the addition of 10 nM rapamy-
cin to the cell lysates. We also expressed
gephyrin in HEK293 cells with wild-type
RAFTI or variants incorporating mutations
that reduced or eliminated the GBD-gephyrin
interaction in yeast (/2). Antibodies to gephyrin
coimmunoprecipitated wild-type RAFTI but
not the 11034K or IV1034-5KR RAFTI1 mu-
tants (Fig. 2B). Similarly, RAFT1 11034A,
which retains partial binding to gephyrin in
yeast, coimmunoprecipitated with gephyrin
but in smaller amounts than the wild-type
protein (Fig. 2B). Thus, RAFT1 interacts
with gephyrin in HEK293 cells, and point
mutations in the GBD reduce or eliminate the
interaction in yeast and mammalian cells.

All tissues examined contained RAFTI
and gephyrin, including HEK293 cells, which
express full-length RAFT1 and the 93-kD
form of gephyrin (/3). In rat embryos RAFT1
and gephyrin mRNAs are widely expressed,
with the largest amounts found in the devel-
oping central nervous system, kidney, thy-
mus, and small intestine (/4). In subcellular
fractions (Fig. 3A) of rat brain both RAFT1
and gephyrin were abundant in the LP2 frac-
tion, which is highly enriched in synaptic
vesicles and presynaptic membranes (/5).
RAFTI1 was not detected in the soluble frac-
tion of synaptosomes (LS2) whereas gephy-
rin was present in small amounts (Fig. 3A).

We examined whether gephyrin might
contribute to the intracellular localization of
RAFT] as it does for the glycine receptor (9).
In HeLa cell subcellular fractions, as in the
brain (Fig. 3A), RAFT1 was enriched in cel-
lular membranes (Fig. 3B). Immunofluores-
cence staining of HeLa cells with an antibody
to RAFTI revealed a fine punctate pattern in
the cytoplasm that is not characteristic of any
particular subcellular compartment (Fig. 3C)
but is similar in appearance to the cytoplas-
mic localization of the related protein ATM
(16). Overexpression in HeLa cells of the
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Fig. 3. Subcellular localization of RAFT1 and A H Py P, Pg S3LP,LP,LP; C
gephyrin and effects of overexpression of the RAFT1

RAFT1 GBD. (A) Subcellular localization of

RAFT1, gephyrin, and control proteins in rat  gephyrin -

brain fractions (75). H, homogenate; P1, crude

nuclei; P2, mitochondria and synaptosomes; p3, ~ MGUAT = .

crude microsomes; S3, cytosol; LP1, postsynap-  pgp.gs - — -—

tic densities; LP2, presynaptic membranes and
synaptic vesicles; LS2, soluble synaptosomal
components, and synapt., synaptophysin. (B)

Synapt, S e o - —

Enrichment of RAFT1 in non-nuclear cellular ~FKBP12 s —
membranes. Subcellular fractions of Hela cells

{27) were analyzed by immunoblotting with

affinity-purified 782 antibody to RAFT1 (79). 5

(C) Altered subcellular localization of endoge- iy RAFT1 alone RAFT1 + gephyrin
nous RAFT1 in cells expressing the RAFT1 GBD B 2 &
(residues 1010 to 1128). Hela cells transfected °c§° é'\x@ ,d\'b'o &

with @ mycGBD construct were stained with ~2~°& v\""é \ng\ o)

mouse antibody 9E-10 to myc (red cells, right :

panel) and rabbit 782 antibody to endogenous 250~ }

RAFT1 (green cells, left panel) (22). Cells that - s <( RAFT1

are green in the left panel and not red in the
right panel serve as controls for the localization
of endogenous RAFT1 in Hela cells in the ab-
sence of mycRAFT1 GDB expression. Quantita-
tion of two separate experiments indicated that 64 out of 70 cells expressing mycGBD showed RAFT1 localization similar to that shown. Expression
of control myc-tagged proteins did not disrupt RAFT1 localization (73). (D) Expression in Hela cells of mycRAFT1 (green) with gephyrin causes
mycRAFT1 to appear in large clumps in the cytoplasm. mycRAFT1 was detected with antibody 9E-10 to myc (22). Similar results were obtained with
COS cells (73).
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Fig. 4. GBD mutations that disrupt the RAFT1-gephyrin interaction prevent RAFT1-mediated é‘v@a@?@\{- 0®¢§3‘<”
signaling. (A) Serum-stimulatedf?O“" activation. Quiescent HEK293 cells expressing the indicated  mycRAFTIDNA: <% o8 & &V
6k

mycRAFT1 variants and HA-p70°°* were treated with 10 nM rapamycin for 30 min. Cells were lysed
after rapamycin treatment (shaded bars) or after serum stimulation for 30 min (black bars), and 56
kinase activity was determined (7). Results are means = SE for three separate experiments and

Lysaion. -mycRAFT1
Blotanﬁ-myc'h“"'——' myc

normalized to the $6 kinase activity in rapamycin-treated cells expressing only p70°°*. Expression d S —— — +mycRAFT1
of p70°¢ (top panel) and RAFT1 variants (bottom panel) was monitored with immunoblotting (23). IPs: anti-myc,

(B) Serum-stimulated 4E-BP1 phosphorylation. Cells expressing the indicated mycRAFT1 variants Knase assay

and HA-4E-BP1 were treated as in (A). The amount of 4E-BP1 bound to elF-4E was determined by ———————— +4E-BP1

immunoblotting of proteins interacting with a 7-methyl-guanosine triphosphate (GTP) affinity
resin (middle) (7). Expression of 4E-BP1 (top) and RAFT1 variants (bottom) was analyzed with
immunoblotting (23). Results are representative of three separate experiments. (C) Phosphorylation of 4E-BP1 in actively growing cells. Twenty-four
hours after transfection, HEK293 cells expressing the indicated mycRAFT1 variants and HA-4E-BP1 were treated with 10 nM rapamycin or ethanol
vehicle for 30 min. Cells were then lysed and the amount of 4E-BP1 bound to elF-4E (middle) was determined as in (B). Expression of 4E-BP1 (top)
and RAFT1 variants (bottom) was detected with immunoblotting (23). Results are representative of four separate experiments. (D) The GDB mutations
do not impair the capacity of mycRAFT1 to autophosphorylate (middle) or phosphorylate 4E-BP1 (bottom). Kinase assays were done as described (24)
after immunoprecipitation with 9E-10 antibody to myc. Expression of mycRAFT1 was monitored with immunoblotting (top).

minimal GBD of RAFT1 (amino acids 1010
to 1128) disrupted the normal subcellular lo-
calization of RAFTI, causing the protein to

appear in clumps dispersed throughout the
cytoplasm (Fig. 3C). When mycRAFT1 was
expressed in HeLa cells, it was evenly dis-

tributed throughout the cytoplasm (Fig. 3D),
with an appearance similar to that of endog-
enous RAFT1 (Fig. 3C). However, when
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mycRAFT1 was expressed with gephyrin, it
appeared in large aggregates in the cell cyto-
plasm (Fig. 3D). The glycine receptor, a
known gephyrin-binding protein, displays a
similar localization when expressed with
gephyrin in HEK293 cells (10).

Great overexpression of any protein sub-
stantially inhibits p705°* activity and 4E-BP1
phosphorylation (17), precluding us from test-
ing the effects of GBD expression on the activ-
ity of these downstream signaling molecules.
Instead, to determine whether the association
with gephyrin is necessary for RAFT1 function,
we tested whether RAFT1 mutants incapable of
interacting with gephyrin were able to signal to
p705%% and 4E-BP1. We incorporated the GBD
mutations into RAFT1 S2035T, a version of the
protein that can activate downstream transduc-
ers even in the presence of rapamycin because
it does not bind the rapamycin-FKBP12 com-
plex (3). In quiescent cells treated with rapamy-
cin, serum induces a fivefold increase in p705%«
activity in cells expressing S2035T but not in
cells expressing wild-type RAFT1 (Fig. 4A).
The rapamycin-resistant function of RAFTI
S2035T depends on its wild-type GBD because
the addition of mutations that disrupt gephyrin
binding (11034K or IV1034-5KR) also elimi-
nates its ability to activate p705%* in the pres-
ence of rapamycin (Fig. 4A). RAFT1 11034A
retains partial binding to gephyrin, and the
11034A/S2035T double mutant allowed an in-
termediate amount of rapamycin-resistant, se-
rum-inducible activation of p705° (Fig. 4A).

The RAFT1 mutants deficient in gephyrin
binding could not mediate signaling to 4E-
BP1, the small translational repressor whose
interaction with eIF-4E is blocked by rapa-
mycin-sensitive phosphorylation (3). Expres-
sion of RAFT1 S2035T having a wild-type or
11034A GBD allowed serum-stimulated, ra-
pamycin-resistant phosphorylation of 4E-
BP1. We detected 4E-BP1 phosphorylation
in two ways: decreased migration of 4E-BP1
on SDS-PAGE and a decrease in the amount
of 4E-BP1 that interacted with eIF-4E (Fig.
4B). Incorporation of the 11034K or IV1034-
SKR mutations eliminated the ability of
RAFT1 S2035T to signal to 4E-BPI in the
presence of rapamycin (Fig. 4B).

In addition to preventing serum-stimulat-
ed 4E-BP1 phosphorylation in quiescent
cells, rapamycin treatment causes dephospho-
rylation of this protein in actively growing
cells (3). 4E-BP1 was protected from rapa-
mycin-induced dephosphorylation in cells ex-
pressing 4E-BP1 with RAFT1 S2035T or
11034A/S2035T (Fig. 4C). In cells expressing
only 4E-BP1 or 4E-BP1 with wild-type or
S2035T/11034K  RAFTI1, rapamycin pro-
duced the characteristic signs of 4E-BP1 de-
phosphorylation (Fig. 4C). The perturbed
function of the RAFT1 GBD mutants appears
not to be due to an effect of the mutations on
RAFTI kinase activity because the GBD mu-
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tants autophosphorylated and phosphorylated
4E-BP1 as efficiently as did the wild-type
enzyme (Fig. 4D).

There is increasing awareness of the role
translational controls play in many biological
phenomena. Signaling pathways that regulate
protein synthesis are likely to be important
for the translation of mRNAs localized to
distinct cellular compartments, such as neu-
ronal dendrites (/8). In neurons gephyrin is
localized to synaptic sites in dendrites (9).
Our finding that RAFT1 interacts with
gephyrin makes RAFT1 an attractive candi-
date for a regulator of dendritic mRNA
translation.
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Single-letter abbreviations for amino acid residues
are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G,
Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
Hela cells were fractionated [J. Kruppa and D. D.
Sabatini, /. Cell Biol. 74, 414 (1977)], 50 p.g of each
fraction was resolved by SDS—polyacrylamide gel
electrophoresis (SDS-PAGE) (6% gels), and RAFT1
was detected with antibody 782 to RAFT1 (79).
Hela cells grown on chamber slides were transfected
with lipofectamine (Life Technologies) with expres-
sion vectors encoding mycGBD (residues 1010 to
1128 of RAFT1) (10 p.g); mycRAFT1 (5 pg), and prk5
(5 wg); or mycRAFT1 (5 pg) and gephyrin P1 (5 ug)
(9). After a 48-hour incubation, the cells were pro-
cessed for immunofluorescence [L. D. Walensky and
S. H. Snyder, J. Cell Biol. 130, 857 (1995)]. Antibodies
9E-10 to myc (2 pg/ml) or 782 to RAFT1 (5 pg/ml)
(79) were used as the primary antibodies in an over-
night incubation at 4°C.
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were prepared as described (7). HEK293 cells were
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total amount of DNA was kept constant at 10 g
with empty pRK5. The cells were incubated over-
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Cells were treated with 10 nM rapamycin (Calbio-
chem) for 30 min. Stimulation with 10% FBS was for
30 min. After treatments, cells were rinsed once with
PBS and lysed (72). Proteins were resolved by SDS-
PAGE (8% gels for p70°% and 17% gels for 4E-BP1)
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RAFT1 kinase assays were done as described (7). The
addition to the assays of 1.5 ug of GST-gephyrin (77)
did not affect RAFT1 autophosphorylation nor was
gephyrin a RAFT1 substrate (73).
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