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QK1 is a member of the KH domain family of proteins that includes Sam68, GRP33, GLD-1, SF1, and
Who/How. These family members are RNA binding proteins that contain an extended KH domain embedded
in a larger domain called the GSG (for GRP33-Sam68-GLD-1) domain. An ethylnitrosourea-induced point
mutation in the Qk1 GSG domain alters glutamic acid 48 to a glycine and is known to be embryonically lethal
in mice. The function of Qkl and the GSG domain as well as the reason for the lethality are unknown. Here
we demonstrate that the Qkl GSG domain mediates RNA binding and Qk1 self-association. By using in situ
chemical cross-linking studies, we showed that the Qkl1 proteins exist as homodimers in vivo. The Qkl
self-association region was mapped to amino acids 18 to 57, a region predicted to form coiled coils. Alteration
of glutamic acid 48 to glycine (EL G) in the Qkl GSG domain (producing protein Qk1:E[1G) abolishes
self-association but has no effect on the RNA binding activity. The expression of Qk1 or Qk1:EL] G in NIH 3T3
cells induces cell death by apoptosis. Approximately 90% of the remaining transfected cells are apoptotic 48 h
after transfection. Qk1:EL] G was consistently more potent at inducing apoptosis than was wild-type Qkl.
These results suggest that the mouse quaking lethality (EL] G) occurs due to the absence of Qkl1 self-association

mediated by the GSG domain.

The mouse quaking gene encodes the Qkl RNA binding
proteins (11). The type of RNA binding domain found in Qk1,
known as a KH domain, was originally identified in the heter-
ogeneous nuclear ribonucleoprotein K (hnRNP K [17, 35]).
KH domains are evolutionary conserved domains that are
thought to make direct protein-RNA contacts with a three-
dimensional BaaBBa-fold (29). The Qkl KH domain is em-
bedded in a larger conserved domain of ~200 amino acids
called the GSG domain. The GSG domain was initially iden-
tified by aligning the first three family members (GRP33,
Sam68, and GLD-1 [22]). The boundaries of this new protein
module have become clearer with the identification of new
family members (1, 11). This domain is also called STAR (for
signal transduction and activator of RNA [39]) and the SGQ
(Sam68, GLD-1, and Qkl [25]) domain. GSG domain family
members include Artemia salina GRP33 (9), human Sam68
(41), Caenorhabditis elegans GLD-1 (22), human SF1 (1), Dro-
sophila Who/How (2, 16, 42), Xenopus Xqua (44), and mouse
Qkl1 (11). The features of the GSG domain include a single
KH domain that is longer than most other KH domains (29).
In addition to the KH domain, the GSG domain is composed
of ~75 amino acids N-terminal and ~25 amino acids C-termi-
nal of the KH domain (for a review, see reference 39). These
regions in the Qk1 GSG domain are called QUA1 and QUA2,
respectively (11).

GSG proteins share several properties, including RNA bind-
ing (1, 8, 25, 41, 44) and self-association (8, 45). With the
exception of the human SF1 protein, which functions as a
splicing factor (1), the roles of the GSG proteins in cellular
processes are not known. Genetic studies with GSG domain
proteins have demonstrated the roles of these proteins in de-
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velopment, differentiation, myelination, and tumorigenesis. In
C. elegans, GLD-1 is required for germ cell differentiation (14,
15, 22). One class of alleles results in a recessive tumorous
germ line phenotype, suggesting that GLD-1 functions as a
tumor suppressor (22). The Qk1 proteins of Drosophila mela-
nogaster, Xenopus laevis, and mice have been characterized.
The Drosophila Who/How protein, a Qk1 homolog, has been
shown to be critical for skeletal muscle development since
weak alleles result in flies with “held-out” wings (2, 42). One
such allele contains a point mutation in loop 4 of the Who/How
KH domain (2). The Xenopus Xqua protein, another Qkl
homolog, has been shown to be necessary for notochord de-
velopment (45). Mice that are homozygous for the quaking
viable allele have a severe deficiency of myelin throughout
their nervous systems and, as a consequence, develop a char-
acteristic tremor (34). The genetic lesion in the quaking viable
mouse has been mapped to the gk! promoter-enhancer region
(11). The defect in these mice is the absence of Qk1-6 and
Qk1-7 protein expression from the myelin-forming oligoden-
drocytic cells (19). Another class of mouse guaking mutations
is embryonic lethal (7, 23, 33). One such allele, gk*#, was found
to alter glutamic acid 48 to glycine in the QUA1 region of the
Qk1 GSG domain (11); the cause for the lethality is unknown.

We have characterized the genetic point mutations identi-
fied in GLD-1 and Qk1 by using Sam68 (8). Substitution of the
corresponding GLD-1 glycine 227 to aspartic acid in Sam68
abolishes RNA binding, suggesting that the mutation alters
GLD-1 RNA binding in C. elegans. Substitution of the corre-
sponding GLD-1 glycines 248 and 250 to arginines in Sam68
abolishes self-association, suggesting that some of the GLD-1
loss-of-function phenotypes observed in C. elegans may be due
to the absence of protein-protein interactions. However, the
replacement of Qk1 glutamic acid 48 by glycine in Sam68 had
no effect on Sam68 RNA binding and oligomerization (8).
Therefore, to better understand Qk1 and its lethal point mu-
tation, we characterized the properties of these proteins in
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vitro and in vivo. Here we report that Qk1 self-associates into
dimers via a GSG domain region predicted to form coiled coils.
The introduction of the Qkl lethal point mutation altering
glutamic acid 48, located in the predicted coiled-coil region, to
a glycine (E48G; resulting protein, Qk1:EQ G) abolished self-
association. We also demonstrated that the expression of Qkl1
and Qk1:E0 G in NIH 3T3 cells induces apoptosis. These data
implicate GSG domain-mediated self-association in the nor-
mal function of Qkl.

MATERIALS AND METHODS

DNA constructions. The deletion constructs encoding Qk1:1-205, Qk1:1-180,
and Qk1:81-325 were generated by PCR with myc-Qk1 (8) as a DNA template.
The sequences of the oligonucleotide pairs used are 5'-CTG GAA TTC GGT
CGG GGA AAT GGA AAC GAA GG-3' and 5'-ATG GAA TTC TAT CTG
TAG GTG CCA TTC AG-3' (for Qk1:1-205), 5'-CTG GAA TTC GGT CGG
GGA AAT GGA AAC GAA GG-3' and 5'-TCA GAA TTC TAT ACC AGT
AACTTCTTCAC-3' (for Qk1:1-180), and 5'-ACC GAA TTC TCA GTT ACA
AGA GAA ACT T-3' and 5'-GCT GAA TTC TAG TCC TTC ATC CAG CAA
GTC-3" (for Qk1:81-325). The amplified DNA fragments were digested with
EcoRI (the restriction sites are underlined) and subcloned into the EcoRI site of
myc-Bluescript KS+ (32) and hemagglutinin (HA)-Bluescript KS (8). Myc-Qk1:
EO G was constructed by inverse PCR with myc-Qk1 as a DNA template and the
following oligonucleotides as primers: 5'-GGA ATT AGC AGA GTA CGG
AAA GAC-3" and 5'-TTC GTC CAG CAG CCG CTC GAG-3'. HA-Qk1:EO G
was generated by subcloning the EcoRI fragment of myc-Qk1:EC] G into HA-
Bluescript KS. The constructs encoding HA-Qk1, myc-GLD-1, myc-GRP33, and
HA-GRP33 were previously described (8). The plasmids encoding glutathione
S-transferase (GST)-Qk1 and GST-Qk1:E0 G fusion proteins were constructed
by a two-step subcloning strategy. The BamHI-Xhol fragment of myc-Qk1 was
first inserted in the corresponding sites of pGEX-KG, generating pGST-
Qk1(BamHI-Xhol). The Xhol fragments of myc-Qk1 and myc-Qk1:E0 G were
subcloned into the Xhol site of pGST-Qk1(BamHI-Xhol), resulting in pGST-
Qk1 and pGST-Qk1:EO G, respectively. The GST-Qk1 deletion constructs were
generated by PCR amplification with myc-Qk1 as the DNA template. For Qkl1:
1-80, Qk1:1-57, and Qk1:1-37, the T7 primer was used as the forward primer
and the following oligonucleotides were used as the reverse primers: 5'-CTC
TCT AGA CTA AAC AAT GGG TCC CAC CGC-3' (for Qk1:1-80), 5'-TAA
TCT AGA CTA GTA CAT GTC TTT CCG TAC-3' (for Qkl:1-57), and
5'-GAA TCT AGA TCA GAA GTT GGG CAG GCT GCT-3' (for Qk1:1-37).
The DNA fragments encoding Qk1:18-57 and Qk1:28-57 were generated by
using the reverse primer employed for Qkl1:1-57 and the following forward
primers: 5'-CCA GGA TCC TTG ATG CAG CTG ATG AAC-3' (for Qk1:18-
57) and 5'-AAG GGA TCC ATG AGC AGC CTG CCC AAC-3' (for Qk1:28-
57). The oligonucleotides used to generate Qk1:38-80 were 5'-TGC GGA TCC
TTC AAC CAC CTC GAG CGG-3'" and 5'-CTC TCT AGA CTA AAC AAT
GGG TCC CAC CGC-3'. All of the amplified fragments were digested with
BamHI and Xbal (the underlined nucleotide sequences denote the restriction
sites) and subcloned into the corresponding sites of pGEX-KG. The GST pro-
teins were purified by affinity chromatography with glutathione beads. The pu-
rified GST proteins were covalently coupled to Affi-Gel 10 (Bio-Rad) as de-
scribed previously (32). The green fluorescence protein (GFP) fusion constructs
GFP-Qk1 and GFP-Qk1:E0 G were generated by subcloning the EcoRT DNA
fragments of myc-Qk1 and myc-Qk1:E0 G, respectively, into vector pEGFP-C1
(Clontech). pcDNA-Qk1, pcDNA-Qk1:E0 G, and pcDNA-GLD-1 were gener-
ated by subcloning the EcoRI fragments of myc-Qk1 and myc-Qk1:E0 G and the
Xhol fragment of myc—-GLD-1, respectively, into the corresponding sites of
myc-pcDNA. myc-pcDNA was constructed by digesting myc-Bluescript KS+
(32) with BamHI and Xhol and subcloning the DNA fragment in the correspond-
ing sites of pcDNA1 (Invitrogen). The identities of the plasmid constructs were
verified by dideoxynucleotide sequencing with Sequenase (U.S. Biochemical).

Protein expression and analysis. Proteins were expressed in HeLa cells, using
the vaccinia virus T7 expression system as described previously (32). The HeLa
cells were lysed in lysis buffer (1% Triton X-100, 150 mM NaCl, 20 mM Tris-HCl
[pH 8.0], 50 mM NaF, 100 pM sodium vanadate, 0.01% phenylmethylsulfonyl
fluoride, 1 pg of aprotinin per ml, 1 pg of leupeptin per ml), and the cellular
debris and nuclei were removed by centrifugation. For immunoprecipitations,
cell lysates were incubated on ice with the appropriate antibody for 1 h; then 20
wl of a 50% protein A-Sepharose slurry was added, and the mixture was incu-
bated at 4°C for 30 min with constant end-over-end mixing. The beads were
washed twice with lysis buffer and once with phosphate-buffered saline (PBS).
The samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. For GST
pull-down assays, 20 pl of 50% slurry containing 2 mg of GST fusion protein,
covalently coupled to beads, per ml was incubated with cell lysate expressing
HA-Qk1 for 1 h with constant mixing. The samples were washed and analyzed as
described previously (32). Immunoblotting was performed with anti-myc 9E10
(12), anti-HA, or anti-Qk1 rabbit polyclonal antibody. The anti-Qk1 antibody
was generated by using GST-Qk1 (81-180) as an antigen. The designated pri-
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mary antibody was followed by goat anti-mouse or goat anti-rabbit antibodies
conjugated to horseradish peroxidase (Organon Teknika-Cappel), and chemilu-
minescence (Dupont) was used for protein detection.

In situ chemical cross-linking and analysis of Qk1 dimers. HeLa cells trans-
fected with Qk1 plasmids and rat C6 glioma cells (American Type Culture
Collection) were treated in situ with 1 mM bis(maleimido)hexane (BMH) and
analyzed as described previously (8). Rat astrocytes and oligodendrocytes were
prepared by Guillermina Almazan (McGill University) as described elsewhere
(31). Dimer formation was analyzed in HeLa cells transfected with myc-Qk1 and
HA-Qkl1. The transfected cells were treated with BMH in situ, and the cell
lysates were immunoprecipitated with anti-myc antibody or mouse immunoglob-
ulin G (IgG). The bound proteins as well as the cell lysates were separated by
SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with
anti-HA antibody.

RNase treatment and RNA binding analysis. RNase treatment was carried out
by incubating cell lysates at 37°C for 1 h with RNase A (Boehringer Mannheim)
at 1 mg/ml. Incubating the cell lysates at 37°C without RNase A was considered
a mock treatment. RNA binding studies were carried out by incubating Qk1
immunoprecipitates with radiolabeled total cellular RNA. To obtain radiola-
beled RNA, HeLa cells were incubated overnight with 50 wCi of [*>P]orthophos-
phate (Dupont)/ml in phosphate-free Dulbecco’s modified Eagle’s medium
(ICN). The cells were harvested, and RNA was extracted by using an RNeasy
Mini Kit (Qiagen). myc-Qk1 expressed in HeLa cells was immunoprecipitated
with anti-myc antibody or mouse IgG (control). The immunoprecipitates were
incubated at 4°C for 30 min with *?P-labeled RNA (3 X 10° cpm) in the presence
of 2 mg of heparin/ml. The beads were washed extensively, and the bound
radioactivity was counted with a liquid scintillation counter. The bound proteins
were then dissociated in 1X Laemmli sample buffer, separated by SDS-PAGE,
transferred to nitrocellulose membranes, and analyzed by immunoblotting with
anti-myc antibodies.

Apoptosis assays. NIH 3T3 cells were plated 12 h before transfection, typically
at a density of 10° cells/22-mm? coverslip (Fisher Scientific Co.). Cells were
transfected with DNA constructs encoding GFP alone, GFP-Qk1, GFP-Qkl:
EOG, pcDNA-Qkl1, pcDNA-QkI:EOG, or pcDNA-GLD-1, using Lipo-
fectAMINE PLUS reagent (Gibco BRL). At 12, 24, 36, or 48 h after transfection,
the cells were fixed with 4% paraformaldehyde in PBS for 15 min and perme-
abilized with 1% Triton X-100 in PBS for 5 min. For immunostaining, the fixed
cells were incubated with the anti-myc 9E10 antibody (1:1,000) at room temper-
ature for 1 h and subsequently with a rhodamine-conjugated goat anti-mouse
secondary antibody (Jackson Laboratories; 1:300) for 30 min. The nuclei were
stained with 3 pg of 4,6-diamidino-2-phenylindole (DAPI)/ml. The morphology
of transfected cells was examined by fluorescence microscopy, and cells with
morphological features such as nuclear condensation and fragmentation were
considered apoptotic. Apoptosis was also examined by TUNEL (terminal deoxy-
nucleotidyl transferase-mediated fluorescein-dUTP nick end labeling). The
TUNEL reagents were obtained from Boehringer Mannheim, and the assay was
performed as suggested by the manufacturer.

RESULTS

The mouse quaking gene products exist as homodimers in
vivo. The quaking gene encodes three different alternatively
spliced transcripts that generate the Qk1-5, Qk1-6, and Qk1-7
proteins (11). These Qk1 proteins differ in their C-terminal 30
amino acids and are predicted to migrate with apparent mo-
lecular masses of 45 to 38 kDa on SDS-polyacrylamide gels
(11). To characterize the endogenous Qk1 proteins, a rabbit
polyclonal antibody against Qk1 amino acids 81 to 180, encom-
passing the KH domain, was generated. This region is identical
in all Qk1 splice variants, and therefore the antibody should
recognize all three Qk1 isoforms. The specificity of the anti-
Qk1 antibody was examined by using HeLa cells transfected
with vector alone, myc epitope-tagged Qk1-7, or myc-Sam68.
The cell lysates from the transfected cells were resolved by
SDS-PAGE, transferred to nitrocellulose membranes, and im-
munoblotted with anti-myc (Fig. 1A, lanes 1 to 3), normal
rabbit serum (lanes 4 to 6), anti-Qk1 (lanes 7 to 9), or anti-Qk1
antibodies preabsorbed with the GST-Qk1 antigen (lanes 10 to
12). The anti-Qk1 antibody recognized the transfected Qkl
protein but not Sam68 (lanes 8 and 9). Qk1 was not observed
when using normal rabbit serum or anti-Qk1 antibodies pre-
absorbed with the antigen (lanes 4 to 6 and 10 to 12, respec-
tively).

To identify a cell line that contained all three Qk1 splice
variants, a panel of neuronal cell lines was analyzed by immu-
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FIG. 1. Characterization of the anti-Qk1 antibody. (A) Total cell lysates from
HeLa cells transfected with vector (none), myc-Qkl (Qkl), or myc-Sam68
(Sam68) were separated by SDS-PAGE. The proteins were transferred to nitro-
cellulose and immunoblotted with anti-myc, normal rabbit serum (NRS), anti-
Qk1, or anti-Qk1 antibodies preabsorbed with 1 pg of GST-Qk1KH antigen/ml
(anti-Qk1/Qk1 KH). The positions of Qk1 and Sam68 are shown on the left, and
those of molecular mass markers (in kilodaltons) are on the right. (B) Total cell
extracts from rat C6 glioma cells and rat astrocytes were immunoblotted with
anti-Qk1. The presence of three Qkl-immunoreactive proteins with approximate
molecular masses of 45, 40, and 38 kDa is shown.

noblotting with the anti-Qk1 antibody. Three major immuno-
reactive proteins in the 45- to 38-kDa range were detected in
the rat C6 glioma cell line (Fig. 1B, lane 1) (5). Similar patterns
of expression were observed for purified rat astrocytes (Fig.
1B, lane 2), purified rat oligodendrocytes, and whole-brain
extracts from BALB/c, heterozygous, and homozygous quaking
viable mice (data not shown). These data are consistent with
the recent finding that Qk1-5, Qkl-6, and Qkl1-7 are ex-
pressed in different brain cell types of normal and quaking
viable mice (19), and therefore extracts from whole brains
should contain all three Qk1 splice variants. Our results iden-
tify the C6 glioma cell line as a suitable cell system with which
to investigate the properties of the endogenous Qk1 proteins.

Since we have previously shown that the transfected Qk1-7
protein forms complexes in HeLa cells (8), we performed
chemical cross-linking studies with C6 glioma cells to deter-
mine whether endogenous Qk1 proteins self-associated into
similar complexes. C6 glioma cells were either left untreated or
treated in situ with BMH, an irreversible chemical cross-linker,
and the cell lysates were resolved by SDS-PAGE, transferred
to nitrocellulose membranes, and immunoblotted with the an-
ti-Qk1 antibody (Fig. 2A). In addition to the three monomeric
Qkl proteins (lanes 1 and 2), three distinct cross-linked Qk1
complexes with apparent molecular masses of 90 to 80 kDa
were observed after cross-linking (lane 2). These data suggest
that the Qk1 proteins exist as dimers.

To verify that Qk1 cross-linked complexes represented Qk1
dimers, HeLa cells coexpressing myc- and HA-Qkl were
treated in situ with BMH, and the cell lysates were immuno-
precipitated with IgG (Fig. 2B, lane 2) or anti-myc antibody
(lane 3). The immunoprecipitated proteins as well as the total
cell lysate (lane 1) were analyzed by immunoblotting with an-
ti-HA antibodies. BMH treatment of HeLa cells expressing
Qk1 resulted in a 90-kDa complex, in addition to the 45-kDa
Qk1 monomer (lane 1). This HA-Qk1-containing complex was
present in anti-myc immunoprecipitates (lane 3), demonstrat-
ing that HA- and myc-Qk1 proteins dimerized. The presence
of HA-Qkl monomers in anti-myc immunoprecipitates indi-
cated that not all complexes were chemically cross-linked (lane
3).

Since the mouse Qk1-7 protein is an RNA binding protein
(8), we sought to investigate whether cellular RNA was re-
quired for Qk1 self-association. myc- and HA-Qk1 were ex-
pressed in HeLa cells separately, and the cell lysates were or
were not treated with RNase A for 1 h at 37°C and then mixed
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FIG. 2. Qk1 self-associates into homodimers in the absence of cellular RNA.
(A) C6 glioma cells were treated in situ with (+) or without (=) BMH. The cells
were lysed in sample buffer, and the proteins were separated by SDS-PAGE. The
proteins were transferred to nitrocellulose and immunoblotted with rabbit anti-
Qk1 antibody. The bands representing the three Qk1 isoforms are shown as
monomers, and the cross-linked complexes are indicated. The positions of mo-
lecular mass markers (in kilodaltons) are indicated on the left. (B) HeLa cells
cotransfected with myc- and HA-Qk1 were treated in situ with BMH. The cells
were lysed, and an aliquot of the total cell lysate (TCL) as well as anti-myc (myc)
and IgG (C) immunoprecipitates were separated by SDS-PAGE. The proteins
were transferred to nitrocellulose and immunoblotted with anti-HA antibodies.
(C) Qkl, unlike GRP33, does not require cellular RNA for self-association.
HeLa cells expressing myc-Qk1, HA-QkI, myc-GRP33, or HA-GRP33 were
lysed separately, and each cell lysate was divided into two portions, either treated
with RNase A (+) or not treated (—), mixed, and incubated with anti-myc
antibodies. The anti-myc immunoprecipitates (IP) of the mixed lysates were
separated by SDS-PAGE and immunoblotted with anti-HA antibodies.

and immunoprecipitated with anti-myc antibodies. The bound
proteins were separated by SDS-PAGE, transferred to nitro-
cellulose, and immunoblotted with anti-HA antibodies. HA-
Qk1 coprecipitated with myc-Qk1 regardless of whether the
lysates were treated with RNase A (Fig. 2C, lanes 1 and 2),
indicating that RNase treatment had no effect on the ability of
QK1 to self-associate. Under similar conditions, we also tested
the ability of GRP33 to self-associate in the presence or ab-
sence of RNase. HA-GRP33 was observed in anti-myc immu-
noprecipitates when no RNase treatment was performed (lane
3), but it was not seen when RNase treatment was performed
(lane 4). These findings show that unlike GRP33 and Sam68
(8), Qk1 does not require RNA for self-association.

The self-association and RNA binding properties of Qkl
map to the GSG domain. The Qkl GSG domain spans amino
acids 9 to 205, and the embedded KH domain spans amino
acids 81 to 180 (Fig. 3A). A deletion analysis was performed to
identify whether the GSG domain and the Qkl C-terminal
region were necessary and sufficient for Qk1 self-association
and RNA binding. The truncated Qk1 proteins were tested for
their ability to associate with HA-Qk1. HeLa cells were co-
transfected with DNAs encoding HA-Qk1 and with wild-type
myc-Qk1 or the truncated myc-Qk1 constructs (Fig. 3A). The
cells were lysed and immunoprecipitated with control or anti-
myc antibodies. The bound proteins were immunoblotted with
anti-HA antibodies for detection of the presence of HA-QkI.
myc immunoprecipitates of wild-type myc-Qk1 (Fig. 3B, lane
3), myc-Qk1:1-205 (lane 6), and myc-Qk1:1-180 (lane 9) con-
tained abundant levels of HA-Qk1. However, Qk1 lacking its
N-terminal 80 amino acids, or the QUA1 region (myc-Qk1:81-
325), did not coprecipitate HA-Qk1 (Fig. 3B, lane 12). These
data demonstrate that the C-terminal 145 amino acids of Qkl1
are dispensable and that the QUAL region of the GSG domain
is required for self-association. The levels of expression of the
myc-Qk1 constructs were equivalent (Fig. 3B, lanes 13 to 16).

The RNA binding abilities of wild-type Qk1 and its trun-
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FIG. 3. Mapping of the Qk1 self-association and RNA binding regions within
the GSG domain. (A) Schematic diagrams of the QkI constructs utilized are
shown. The black box denotes the KH domain, whereas the gray boxes represent
the QUA1L and QUAZ2 regions as indicated. The entire region encompassing
QUALI, KH, and QUA2 is the GSG domain. (B) Truncation of the N-terminal 80
amino acids of Qk1 or QUALI abolishes self-association. HA-Qk1 was cotrans-
fected in HeLa cells with various myc-Qk1 deletion constructs as indicated. Total
cell lysates (TCL) as well as anti-myc (myc) and control IgG (C) immunopre-
cipitates were analyzed by immunoblotting with anti-HA antibodies. Total cell
lysates of the myc-Qk1 proteins were immunoblotted with anti-myc antibodies
(lanes 13 to 16). (C) The Qk1 GSG domain is required for RNA binding. HeLa
cell lysates containing myc-tagged Qk1 or various truncated forms of Qk1 were
immunoprecipitated with anti-myc antibody (hatched bars) or control IgG (white
bars) and then incubated with *?P-labeled total cellular RNA. Each bar repre-
sents the mean *+ standard deviation of data from more than six independent
immunoprecipitations carried out during more than three separate experiments.

cated forms were compared. Wild-type and the various trun-
cated myc-Qk1 proteins were expressed in HeLa cells, and the
anti-myc and control IgG immunoprecipitates were incubated
with *?P-labeled RNA in lysis buffer supplemented with 2 mg
of heparin/ml. The radioactivity in the bound RNA was
counted and expressed in counts per minute (Fig. 3C). Anti-
myc immunoprecipitates of wild-type Qkl bound 20 times
more labeled RNA than did control immunoprecipitates (Fig.
3C, Qk1). The deletion of the C-terminal 120 amino acids had
no effect on Qkl RNA binding activity (Fig. 3C, Qk1:1-205).
However, the deletion of the QUA2 region in the Qkl GSG
domain reduced the bound RNA by more than half (Fig. 3C,
Qk1:1-180). Furthermore, the deletion of the QUAI region of
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FIG. 4. E48G substitution in Qk1 abolishes homodimerization but not RNA
binding. (A) HeLa cells were transfected with HA- or myc-tagged Qk1 and/or
Qk1:E0 G as indicated. The total cell lysate (TCL) as well as anti-myc (myc) and
IgG (C) immunoprecipitates were immunoblotted with anti-HA antibody. The
bands representing HA-Qk1 or HA-Qk1:EO G are indicated on the left. The
migration of the heavy chain of IgG is also indicated. (B) Total cell lysates
corresponding to those of panel A were immunoblotted with anti-myc antibodies.
(C) Immunoprecipitated Qk1 or Qk1:EQ G was incubated with labeled RNA as
described in Materials and Methods.

the Qkl GSG domain completely abolished RNA binding
(Qk1:81-325). These data suggest that the entire Qkl GSG
domain is required for optimal RNA binding.

The genetic mutation (E48G) identified in quaking lethal
mice abolishes self-association but not RNA binding. Our de-
letion studies indicated that the QUAI region of the Qk1 GSG
domain is required for Qk1 self-association and RNA binding.
Interestingly, one ethylnitrosourea-induced point mutation
that causes a mouse quaking lethal phenotype (23) has been
identified in this region (11). This amino acid substitution,
altering glutamic acid 48 to a glycine, was introduced in the
mouse quaking protein (Qk1:EC G) and tested for its effect on
self-association and RNA binding. The abilities of Qk1:EO G
to associate with Qk1 and to self-associate were examined (Fig.
4A). HeLa cells were transfected with combinations of myc-
and HA-Qk1 or Qk1:EOG as indicated in Fig. 4A. The cells
were lysed and immunoprecipitated with control or anti-myc
antibodies. The proteins were separated by SDS-PAGE and
analyzed by immunoblotting with anti-HA antibodies. HA-
Qk1 coimmunoprecipitated with myc-Qk1 (Fig. 4A, lane 3) but
not with myc-Qk1:EO G (lane 6). Moreover, HA-Qk1:EO G
did not coprecipitate with myc-Qk1 (lane 9) or myc-Qk1:EO G
(lane 12), suggesting that the E48G mutation prevents Qkl
self-association. The levels of expression of the myc epitope-
tagged constructs used were equivalent (Fig. 4B).

The RNA binding properties of Qk1:ELJG and Qk1 were
investigated. The Qk1:EQ G protein bound RNA to the same
extent as the wild-type Qk1 protein (Fig. 4C), demonstrating
that this point mutation has no effect on RNA binding. How-
ever, we cannot exclude the possibility that a difference in
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FIG. 5. Association of Qk1 in vitro and localization of the minimal region to
amino acids 18 to 57. (A) HA-Qk1 or HA-Qk1:E0 G was transfected into HeLa
cells. The cells were lysed, and GST pull-down assays were performed with
full-length Qk1 or Qk1:ECJ G expressed as a GST fusion protein. The bound
proteins were separated by SDS-PAGE, transferred to nitrocellulose, and im-
munoblotted with anti-HA antibodies. (B) HA-Qk1 was expressed in HeLa cells
and incubated with various Qk1 GST fusion proteins as indicated. The bound
HA-Qk1 was analyzed as described for panel A. The migration of HA-Qk1 or
HA-Qk1:EO G is shown on the left. TCL, total cell lysate.

RNA binding will be observed once a high-affinity RNA target
for Qkl is identified.

We next examined the ability of wild-type and mutated Qk1
to self-associate in vitro. GST pull-down assays using bacterial
fusion proteins were performed (Fig. SA). HeLa cell lysates
containing HA-Qk1 or HA-Qk1:EO G were incubated with
affinity matrices coupled with GST alone (lanes 2 and 6), GST-
Qk1 (lanes 3 and 7), or GST-Qk1:EO G (lanes 4 and 8). The
proteins that bound the GST proteins were separated by SDS-
PAGE and analyzed with anti-HA antibodies. HA-Qk1 bound
the GST-Qk1 fusion protein (lane 3), indicating that Qk1 was
able to self-associate in vitro. However, HA-Qk1 did not as-
sociate with GST-Qk1:EOJ G (lane 4), and no interaction be-
tween HA-Qk1:EO G and either GST-Qk1 (lane 7) or GST-
Qk1:EO G (lane 8) was observed. These results are consistent
with our coimmunoprecipitation data, confirming that the
quaking lethal point mutation abolishes Qk1 self-association.
These observations demonstrate that Qk1 containing the quak-
ing lethal point mutation is defective in GSG-mediated pro-
tein-protein interactions, such as the ability to self-associate.

The QUAL region of the GSG domain mediates QKkl1 self-
association. The severe effect of the quaking point mutation on
Qk1 self-association suggested that the QUAL region of the
Qk1 GSG domain is directly involved in Qk1 self-association.
To further delineate the region responsible for self-association,
a series of GST fusion proteins were generated. These fusion
proteins were utilized in GST pull-down assays and tested for
their ability to interact with HA-Qk1 produced in HeLa cells
(Fig. 5B). The GST-Qk1:1-80 and GST-Qk1:1-57 fusion pro-
teins bound HA-Qk1 (lane 3 and 4), but GST-Qk1:1-37 did
not (lane 8). Amino-terminal deletions revealed that Qkl:
18-57 was the minimum region capable of binding HA-Qk1
(lanes 5 to 7).

Qkl1 and Qk1:E48(] G induce apoptosis in fibroblasts. The
phenotype of the quaking lethal mutation is arrested growth of
an embryo with generalized abnormalities (23), suggesting that
Qk1 may play a role in cell proliferation or differentiation. To
determine the role of Qk1 and its lethal mutation, we ex-
pressed wild-type Qkl and Qkl1 with the E48G mutation in
mouse fibroblast cells and examined their effects on cell
growth. NIH 3T3 cells were transfected with expression vectors

MOLECULAR IMPLICATIONS OF A guaking LETHAL MUTATION 4867

encoding GFP alone, GFP-Qkl1, or GFP-Qk1:E[] G. Twelve
hours after transfection, approximately 25% of the cells ex-
pressed GFP, GFP-Qkl, or GFP-Qk1:EO G, as visualized by
fluorescence microscopy. Interestingly, only 6 to 8% of the
cells expressed GFP-Qk1 and GFP-Qk1:E0 G at 36 h, suggest-
ing that the cells transfected with wild-type or mutant Qkl
were not surviving (data not shown). The cells expressing GFP
alone appeared normal and healthy (Fig. 6A, left panels). Cells
expressing GFP-Qk1 or Qk1:EOG exhibited morphological
changes characteristic of apoptosis, including cell shrinkage,
cytoplasm condensation, and membrane blebbing (Fig. 6A,
middle and right panels). GFP-transfected cells displayed nor-
mal nuclear morphology as visualized by DAPI staining (GFP
panels, lower halves). GFP-Qkl- or GFP-Qk1:E0 G-trans-
fected cells had irregular (GFP-Qk1 and GFP-Qk1:E0 G pan-
els, 12 h, lower halves), condensed, or fragmented nuclei (36
h), consistent with apoptotic cell death. Similar data were ob-
tained in HeLa cells (data not shown). To confirm that the
morphological changes induced by GFP-Qk1 and GFP-Qkl:
EOG were indeed associated with apoptosis, we performed
the TUNEL assay with fluoresceinated nucleotides, NIH 3T3
cells were transfected with myc-Qk1, myc-Qk1:EC] G, or myc-
GLD-1 for 36 h. The cells were fixed, and the myc epitope-
tagged proteins were detected by indirect immunofluorescence
with a rhodamine-conjugated secondary antibody (Fig. 6B, top
panels). As observed by TUNEL assay, most of the myc-Qk1-
and myc-Qk1:E0O G-transfected cells fluoresced green, consis-
tent with apoptotic cell death. The transfection of another
cytoplasmic GSG protein, myc-GLD-1 (21), did not induce
apoptosis and served as a negative control (Fig. 6B, left pan-
els). All of the cells that stained in the TUNEL assay contained
condensed or fragmented nuclei as visualized by DAPI staining
(Fig. 6B). Therefore, the presence of nuclear condensation and
fragmentation, as detected by DAPI staining, is a good indi-
cation of apoptotic cell death.

The levels of apoptosis induced by Qk1 and the Qk1:EO G
proteins were quantitated by randomly counting cells and ex-
pressing the number of apoptotic cells as a percentage of
transfected (green) cells. NIH 3T3 cells were transfected with
plasmids expressing GFP, GFP-Qkl1, or GFP-Qkl:ECJG. A
small fraction of GFP-expressing cells were apoptotic, and this
fraction (~15%) remained steady for up to 48 h (Fig. 7). The
transfection of Qk1 or Qk1:E0 G resulted in a significant in-
crease in the number of apoptotic cells with time. At 48 h
posttransfection, ~90% of the remaining cells were apoptotic
(Fig. 7). Qk1:EO G consistently resulted in a larger fraction of
apoptotic cells upon transfection than did Qk1. This difference
was more prominent at the early time points. At 12 and 24 h,
36.7 and 68.6% of the Qk1:EO G-transfected cells were apo-
ptotic. These values are in contrast to 24.4 and 49.0%, respec-
tively, for Qkl-transfected cells, and these differences were
statistically significant as calculated by the x? test (P < 0.01).
Since the transfection efficiencies and levels of expression of
GFP-Qk1 and GFP-Qk1:E0 G were similar (data not shown),
these results suggested that Qk1:ELJ G is more potent than
Qkl1. The majority, ~70%, of the Qk1:E0 G-transfected cells
were apoptotic at 24 h, whereas it took GFP-Qk1 36 h to reach
a similar level of apoptosis. These data suggest that Qk1 in-
duces apoptosis and that the E48G mutation in Qk1 contrib-
utes to aggravated apoptotic cell death.

DISCUSSION

We have shown by coimmunoprecipitation and in situ chem-
ical cross-linking studies that the Qkl proteins exist as ho-
modimers. The minimum region required for self-association
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FIG. 6. Qk1 and Qk1:EO G induce apoptosis in NIH 3T3 cells. (A) NIH 3T3 cells were transfected with an expression vector encoding GFP alone, GFP-Qk1, or
GFP-Qk1:E0O G. After 12, 24, 36, and 48 h, the cells were fixed and stained with DAPI to visualize the nuclei. The top photograph in each pair shows the fluoresceinated
cells containing GFP, and the lower photograph shows the DAPI-stained nuclei. The white arrowheads were used to align the top and bottom photographs. (B) NIH
3T3 cells were transfected with expression vector encoding myc—GLD-1, myc-Qkl1, or myc-Qk1:EQ G. The myc epitope-tagged proteins were visualized by indirect
immunofluorescence with a rhodamine-conjugated secondary antibody (anti-myc). The apoptotic cells were visualized by TUNEL with fluorescein-containing
nucleotides (TUNEL), and the nuclei were stained with DAPI (DAPI). The three photographs each for myc-GLD-1, myc-Qk1, and myc-Qk1:E0 G represent the same
field of cells as visualized with different filters. The white arrowheads were used to orient the cells in the photographs.

consists of amino acids 18 to 57, which are located in the
QUAL region of the Qkl GSG domain. This region contains
several conserved residues, including glutamic acid at position
48. Alteration of glutamic acid 48 to glycine is thought to be
the cause of the lethality in the gk** mice (11). We demon-
strated that the Qk1 E48G substitution abolishes self-associa-
tion. Analysis of the Qk1 protein sequence with the computer
program COILS (26) predicted that amino acids 38 to 57 have
a high propensity to form coiled coils, which would be dis-

rupted with the introduction of a glycine at position 48 (Fig. 8,
coiled coil no. 1). Thus, it is likely that Qk1 dimerizes through
coiled-coil interactions mediated by the GSG domain. These
data suggest that the failure of Qk1 to dimerize causes embry-
onic lethality in the gk** mice and implicate dimer formation
in the normal function of Qk1 proteins. It is possible that Qk1
associates with other proteins via this region, and therefore we
cannot exclude the possibility that the lethality results because
Qk1 fails to mediate interactions with other proteins.
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FIG. 7. Quantitation of the apoptosis induced by Qk1 and Qk1:EO G. Eight
hundred transfected NIH 3T3 cells, in three separate experiments, were counted
and assessed for the presence of apoptotic nuclei. The presence of apoptotic
nuclei was scored as cells undergoing apoptosis. The white, hatched, and black
bars represent GFP, GFP-Qk1, and GFP-Qk1:EO G, respectively.

Mouse Qk1 amino acids 38 to 57, predicted to form coiled-
coil no. 1, are conserved in Who/How and Xqua, with 13 of 20
and 19 of 20 identical residues, respectively (2, 11, 16, 42, 44).
This region in Xqua has a coiled coil prediction similar to that
of mouse Qkl (data not shown), and since Xqua has been
shown to self-associate in vitro (45), we predict that this region
mediates the self-association. This region in Who/How is also
predicted to form coiled coils, but with a lower propensity
(0.15). Both Xqua and Who/How coiled coils in this region
would be disrupted by the introduction of the corresponding
mouse Qk1 E48G mutation. Based on our Qk1 data and the
computer analyses, we predict that the point mutation identi-
fied in Who/How, altering arginine 185 to cysteine (2), should
not alter self-association or RNA binding. Indeed, the intro-
duction of R185C in Drosophila Who/How did not alter self-
association or RNA binding (10).

The mouse Qk1 sequence is also predicted to form a second
coiled coil, at the C terminus of the KH domain (Fig. 8, coiled
coil no. 2). Although our data suggest that coiled coil no. 2 is
not sufficient for Qk1 self-association (Qk1:81-325), it is most
likely involved in protein-protein interactions other than self-
association. Coiled-coil interactions have been predicted for
KH domain proteins FMR1 and FXRs (36). These proteins
have been observed to self-associate as well as to associate with
ribosomes (24, 36). These interactions were demonstrated to
occur outside the KH domains, by regions predicted to form
coiled coils (36). Interestingly, the KH domains of the FMR1
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FIG. 8. Coiled-coil motif predictions for Qk1 (left) and Qk1:EOG (right).
The Qk1 and QkI:EOG protein sequences were analyzed with the computer
program COILS, and the putative coiled-coil motifs are shown (#1 and #2). The
abscissa and ordinate represent amino acid numbers and the propensity to form
coiled coils, respectively. The structures of the Qkl proteins are shown below,
with hatched and black boxes representing the GSG and KH domains, respec-
tively. The vertical line in the GSG domain denotes the location of the quaking
lethal point mutation E48G.
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protein are not predicted to form coiled coils like the KH
domain of Qkl. Analysis of the sequences of GSG proteins
SF1, Who/How, GLD-1, and Xqua demonstrated that they are
all predicted to form coiled coil no. 2 at the C terminus of the
KH domain (data not shown). This may represent one more
difference between the KH domains of GSG proteins and
other KH domains. Sam68 and GRP33 are not predicted to
form such coiled coils and may represent a different subclass of
GSG proteins. To this end, both GRP33 and Sam68 require
RNA for self-association (Fig. 2C) (8). For Sam68, we have
been unable to reconstitute the self-association in vitro with
recombinant proteins (data not shown) as we have done with
Qkl1. Another difference is the minimum region required for
Samo68 self-association, which is amino acids 103 to 269, the
entire GSG domain, and within this region the KH domain
loops 1 and 4 are essential (8).

We have mapped the Qkl RNA binding domain to the
N-terminal 205 amino acids encompassing the entire GSG
domain. This demonstrates that the entire Qk1 GSG domain is
sufficient for RNA binding, as has been previously demon-
strated for Sam68 (8, 25). However, this is in contrast to what
has been reported for Xqua by Zorn and Krieg; they demon-
strated that the entire Xqua protein was required for optimal
RNA binding (45). Deletion of the N-terminal GSG amino
acids had only a slight reduction effect on RNA binding,
whereas deletion of amino acids C terminal to the GSG do-
main (231 to 357) abolished RNA binding. Since the amino
acid sequence identity between mouse, human, and Xenopus
Qk1 proteins is 94% (44), Xqua and Qk1 are predicted to have
similar RNA binding properties. Either the difference is intrin-
sic to the proteins or is due to the different stringencies of the
RNA binding assays.

Although the exact function of the GSG domain is unknown,
our observations with Qk1 and Sam68 indicate that the GSG
domain is involved in oligomerization and RNA binding. It is
presently unclear whether the GSG domain mediates protein-
protein interactions with non-GSG family members. The pres-
ence of signaling protein motifs in GSG proteins suggests a
role for these proteins in signal transduction (for a review, see
reference 39). Interestingly, these potential SH2, SH3, and
WW domain binding motifs lie outside the GSG domain, rul-
ing out a direct role for the GSG domain in signal transduc-
tion. Nevertheless, the presence of signaling motifs and the
presence of phosphorylation sites C terminal to the Sam68
GSG domain (32, 38, 41) suggest that signal transduction path-
ways may regulate GSG-mediated interactions. Indeed, we
have demonstrated in previous studies that Sam68 RNA bind-
ing and oligomerization are abolished by the p59*" tyrosine
kinase (8, 40). Moreover, the binding of Sam68 to SH3 do-
mains inhibits RNA binding in vitro (38). These data demon-
strate that Sam68 has the potential to link signal transduction
pathways with RNA metabolism. Similar data for the other
GSG proteins has yet to be obtained. The absence of known
signaling motifs in some GSG family members, such as GLD-1
(22), demonstrates that not all family members have the po-
tential to act as signal transduction activators of RNA metab-
olism (39), but they may have other functions. It is possible that
the only properties shared by all family members are GSG
domain-mediated RNA binding and self-association.

The quaking genes from X. laevis, D. melanogaster, and mice
are involved in a variety of processes, such as myelination,
embryogenesis, muscle development, and notochord develop-
ment (2, 7, 16, 20, 23, 33, 34, 42, 45). The pleiotropic roles and
the high level of conservation of this gene suggest a general
function for Qk1 in cellular processes. Our results suggest that
a function of Qk1 might be to act as a regulator or effector of
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apoptosis. Since fibroblasts do not express Qk1 (Fig. 1, lanes 7
to 9), it is likely that the expression of Qkl1 leads to perturba-
tion of normal cellular processes. Qk1-7, the isoform used in
our experiments, is predominantly cytoplasmic (Fig. 6 and data
not shown) (19), and it may induce apoptosis by regulating or
interfering with the translation and/or mRNA stability of ap-
optotic or survival proteins. There is a precedent for these
mechanisms, since an increase in RNA degradation before the
onset of apoptosis has been observed in T cells (28, 37) and
hnRNP K has been shown to regulate translation (30).

The three mouse Qkl splice variants have identical GSG
domains and differ in their C termini (11). Qk1-5 is mainly
expressed in the nucleus, whereas Qkl-6 and Qkl1-7 are
mainly expressed in the cytoplasm, suggesting that the last 30
amino acids determine the localization (19). The identicalness
of the GSG domains suggests that all three Qk1 splice variants
are able to associate with RNA, homodimerize, and het-
erodimerize. By performing cross-linking studies in C6 glioma
cells, we have demonstrated the presence of at least three
cross-linked Qkl1 species that may represent homodimers
and/or heterodimers. The presence of multiple Qk1 splice vari-
ants in glial cells and oligodendrocytes (19) suggests an inter-
esting mechanism for the regulation of Qkl1 cellular localiza-
tion. Heterodimers of Qk1-5:Qkl-6 or Qk1-5:Qk1-7 may
cause the retention of Qk1-5 in the cytoplasm. Alternatively,
Qk1-6 and Qk1-7 might be dragged into the nucleus as Qk1-5
heterodimers. We speculate that formation and balance of
such dimers are crucial for Qk1 function and are responsible
for the phenotypes observed in the quaking viable and lethal
mice.

The genetic lesion in the quaking viable mouse has been
mapped to the gkl promoter-enhancer region (11), and as a
result, Qk1-6 and Qkl1-7 are not expressed in oligodendro-
cytes (19). Oligodendrocytes still express nuclear Qk1-5. Ac-
cording to our data, Qkl1-5 should be unable to form het-
erodimers with Qkl-6 or Qkl1-7 in oligodendrocytes. This
might interfere with Qk1 function and lead to the myelin dys-
regulation observed in the central nervous systems of these
animals. The quaking viable mice have been extensively studied
(20), and several defects in RNA metabolism have been ob-
served. Alterations in the levels of alternatively spliced RNAs
and in the processing and/or turnover of the mRNA transcripts
encoding myelin-associated glycoprotein, myelin basic protein,
and proteolipid protein have been demonstrated (4, 6, 13, 19).
A defect in myelin basic protein mRNA transport has also
been observed in the quaking viable mice (3). The challenge
will be to determine whether Qkl1 regulates splicing, RNA
transport, mRNA stability, and/or translation. Since hnRNP K
acts as a transcription factor (27) and Sam68 associates with
double-stranded DNA (41), the possibility that nuclear Qk1
also functions as a transcription factor cannot be excluded.

The ethylnitrosourea-induced quaking alleles are known to
be lethal at around day 9 or 10 of gestation (7, 23, 33). The only
Qk1 isoform expressed in significant amounts at this early time
is Qk1-5 (11). Our data suggest that this point mutation would
be unable to homodimerize, thus possibly altering its function
during embryogenesis. Interestingly, the QkI1:EOG protein
was significantly more potent than wild-type Qk1 at inducing
apoptosis in NIH 3T3 cells. Since the Qk1 E48G point muta-
tion is lethal in mice, it is tempting to speculate that unregu-
lated apoptotic cell death occurs due to the absence of GSG-
mediated dimerization. The apoptosis we observe with Qk1 in
NIH 3T3 cells may be similar to the poisoning effects observed
with certain GLD-1 point mutations in C. elegans (22).

By using a pan-Qkl1 antibody, the C6 glioma cell line was
identified to contain all three Qk1 isoforms. This cell line,
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which is of rat origin and is derived from glial cells (5), ex-
presses several oligodendrocytic markers, such as myelin-asso-
ciated glycoprotein, proteolipid protein, and 2’,3’-cyclic nucle-
otide 3'-phosphohydrolase (18, 43). Since the C6 glioma cell
line expresses all three Qk1 isoforms, it should provide a cell
system in which to study the properties of the Qk1 dimers and
some of their biochemical functions. The expression of Qk1
and Qk1:EO G in these cells did not readily induce apoptosis
(data not shown), suggesting that either the endogenous Qk1
proteins provide a protective effect in these cells or C6 glioma
cells are not a suitable system in which to study apoptosis.

In conclusion, we have defined the Qk1 GSG domain as the
region required for dimerization and RNA binding. Replace-
ment of glutamic acid 48 with a glycine, a mutation known to
be lethal in mice, abolished Qk1 self-association but not RNA
binding. The expression of Qkl1 and Qk1:EOJG in fibroblast
cells induced apoptotic cell death. Since Qkl has signaling
motifs (11), it will be essential to examine the potential role of
signaling molecules in the regulation of Qkl RNA binding,
self-association, and apoptosis.
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