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Phosphorylation of Yan, a major target of Ras signaling,
leads to Crm1-dependent Yan nuclear export, a response
that is regulated by Yan polymerization. Yan SAM (ster-
ile « motif) domain mutations preventing polymeriza-
tion result in Ras-independent, but Crm1-dependent Yan
nuclear export, suggesting that polymerization prevents
Yan export. Mae, which depolymerizes Yan, competes
with Crm1 for binding to Yan. Phosphorylation of Yan
favors Crm1 in this competition and counteracts inhibi-
tion of nuclear export by Mae. These findings suggest
that, prior to Ras activation, the Mae/Yan interaction
blocks premature nuclear export of Yan monomers. Af-
ter activation, transcriptional up-regulation of Mae ap-
parently leads to complete depolymerization and export
of Yan.
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Receptor tyrosine kinases (RTKs) such as the epidermal
growth factor receptor (EGFR) and Sevenless receptor al-
low cells to adjust patterns and levels of gene expression
in response to extracellular signals (Wassarman et al.
1995; Freeman 1996; Tan and Kim 1999; Shvartsman et
al. 2002; Shilo 2003). The extracellular ligands that com-
municate these signals are sometimes distributed in con-
centration gradients that must be interpreted to give
sharp thresholds of transcription factor activity. One of
the best-characterized RTK-responsive transcription fac-
tors is the Yan transcriptional repressor (Lai and Rubin
1992; O'Neill et al. 1994). A number of recent studies
suggest that interactions between Yan, the nuclear ex-
portin Crm1, and the transcriptional coregulator Mae
play essential roles in establishing the required threshold
transcriptional responses (Baker et al. 2001; Tootle et al.
2003; Qiao et al. 2004).

The Drosophila Yan protein is an ETS family tran-
scription factor that represses its target genes in the ab-
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sence of RTK signaling (Lai and Rubin 1992; O’Neill et
al. 1994). Regulation of Yan nuclear export is a critical
feature of RTK-induced cell differentiation. In unstimu-
lated cells, Yan remains in the nucleus and antagonizes
activation by Pointed (Pnt), another ETS family tran-
scriptional regulator. Stimulation of the RTK pathway
results in the activation of the Ras proto-oncoprotein,
which in turn leads to the phosphorylation of Yan by the
Rolled MAP kinase at Ser127. This phosphorylation trig-
gers the Crml-dependent nuclear export of Yan, thus
allowing the activation of cell differentiation genes by
Pnt (Klambt 1993; O’Neill et al. 1994; Rebay and Rubin
1995; Gabay et al. 1996; Tootle et al. 2003).

While it is clear that Yan phosphorylation enhances
Yan nuclear export, the recognition of Yan by the
nuclear export machinery is likely subject to multiple
layers of regulation. This is suggested, for example, by
the observation that mutations in the Yan DNA-binding
domain result in Crm1-dependent nuclear export of Yan
in the absence of RTK signaling (Tootle et al. 2003). A
potential explanation for this unexpected finding is pro-
vided by studies of Yan polymerization. Yan contains an
N-terminal sterile a motif (SAM) domain that mediates
the formation of a head-to-tail helical polymer; forma-
tion of this polymer appears to be required for transcrip-
tional repression (Qiao et al. 2004). The N-terminal re-
gion of Yan, which includes the SAM domain, is required
for the recognition of Yan by Crm1 (Tootle et al. 2003),
strongly suggesting that Yan polymerization and Yan:
Crm1 binding may be mutually exclusive. The associa-
tion of Yan subunits in the polymer is of modest affinity
(Kq= 11 uM), and it is possible that the sequence-specific
or nonspecific binding of adjacent Yan monomers in the
polymer to DNA stabilizes the Yan polymer, thereby
masking the Crm1 interaction surface. In the absence of
Yan polymerization, the Yan:Crm1 interaction may oc-
cur even in the absence of Yan phosphorylation, thus
explaining why the DNA-binding-defective form of Yan
is exported even in the absence of the RTK signal.

In addition to masking the Crm1-binding surface, Yan
polymerization is also likely to mask the Ser127 phos-
phorylation site in Yan, which is immediately adjacent
to the SAM domain (Qiao et al. 2004). If, as we suspect,
Yan polymerization renders Yan refractory to both Crm1
binding and phosphorylation, how is Yan able to respond
to the RTK signal? Recent studies suggest a critical role
for Mae, a SAM domain protein that lacks a DNA-bind-
ing domain, in this response (Baker et al. 2001; Tootle et
al. 2003; Yamada et al. 2003; Qiao et al. 2004; Vivekan-
and et al. 2004). The binding of Mae SAM to Yan SAM
induces Yan depolymerization, leading to the derepres-
sion of Yan reporters, but not to Yan nuclear export. The
depolymerization of Yan by Mae could expose the Yan
phosphorylation site, which would otherwise be buried
in the polymer, and thereby poise Yan for response to the
RTK signal. In contrast to the results observed for the
DNA-binding-defective form of Yan, however, Mae-de-
polymerized Yan remains in the nucleus in the absence
of the RTK signal, perhaps because Mae interferes with
binding of Yan to Crml.

Here we present experiments designed to test the hy-
pothesis that the interaction between Yan and Crml is
regulated by both Yan polymerization and the Yan/Mae
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interaction. We show that monomeric Yan is exported
from the nucleus in a Crml-dependent manner. Phos-
phorylation of Yan facilitates but is not required for this
export, while the binding of Mae to Yan prevents the
export. Finally, we show that Mae and Crm1 compete for
binding to Yan, and that phosphorylation enhances the
Crm1-Yan interaction, thereby allowing Crm1 to prevail
in the competition with Mae for binding to Yan. Based
on these observations and the finding that the transcrip-
tion of Mae is negatively regulated by Yan (Vivekanand
et al. 2004), we propose a model in which the Mae:Yan
interaction serves to regulate Yan nuclear export by both
inhibiting export of the Yan monomer in the absence of
signaling and facilitating Yan depolymerization and
therefore Yan phosphorylation in the presence of signal-
ing. By regulating Yan function at multiple stages in the
response to RTK signaling, Mae appears to be critical for
the stringent regulation of RTK-response genes in devel-
opment.

Results and Discussion

The Yan monomer is exported from the nucleus
in a Crm1-dependent manner

Yan polymerization is mediated by two hydrophobic
SAM domain interfaces termed the mid-loop (ML) and
end-helix (EH) surfaces, which bind
one another to form a head-to-tail
polymer. Mutagenesis of key residues
in these surfaces (e.g., Ala86 on the
ML surface or Vall05 on the EH sur-
face) converts Yan from a polymer
into a monomer (Fig. 1A; Qiao et al.
2004).

In unstimulated Drosophila S2
cells, wild-type Yan remains in the
nucleus, while introduction of consti-
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1F,H). Conversely, overexpression of Crml enhanced
monomeric Yan export; >90% of Yan*%°P-expressing
cells displayed predominant cytoplasmic localization of
monomeric Yan (Fig. 1G,H).

Since unstimulated S2 cells may nonetheless contain
low levels of Ras signaling, we determined whether or
not monomer export required the critical phosphoaccep-
tor Ser127 residue in Yan. Monomeric Yan harboring the
S127A mutation was still exported to the cytoplasm, al-
though to a lesser extent than was monomeric Yan with-
out the S127A mutation. Once again, the export was
completely dependent upon Crml as demonstrated by
Crm1 RNA interference (RNAi) (Fig. 1H). In conclusion,
the export of monomeric Yan is dependent on Crm1. Ras
signaling stimulates but is not strictly required for ex-
port of the monomeric protein.

Mae retains the Yan monomer in the nucleus

The Mae SAM domain contains a functional ML surface
that binds the Yan SAM EH surface, blocking Yan poly-
merization (Fig. 1A). Mae lacks a functional EH surface
and so cannot bind to the Yan ML surface. Because the
intrinsic affinity of Yan EH for Mae ML is three orders of
magnitude greater than the intrinsic affinity of Yan EH
for Yan ML, complete depolymerization of Yan occurs
whenever Mae is present in stoichiometric excess over
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tutively active Ras (RasV1?) results in

Yan export (Fig. 1B,C). In contrast, the

two monomeric mutants, Yan®8¢P
and YanV'%*® are both exported from
the nucleus even in the absence of
Ras signaling (Fig. 1D,E; data not
shown). Nuclear localization was
quantified by categorizing cells ac-
cording to whether they displayed
predominant nuclear localization (N),
predominant cytoplasmic localiza-
tion (C), or localization in both the
nucleus and cytoplasm (N + C) (Fig.
1H). Approximately 90% of cells ex-
pressing wild-type Yan displayed pre-
dominant nuclear localization. In

Fraction of cells
o © 2 9 9
N B O

L
U,

),
S,

Figure 1.

Monomeric Yan is exported from the nucleus in a Crml-dependent manner. (A)
Schematic representation of the Yan SAM polymer and the Yan SAM:Mae SAM heterodimer.

contrast, only ~20% of cells express-
ing monomer Yan displayed predomi-
nant nuclear localization, with ~50%
displaying localization in both the
nucleus and cytoplasm, and ~30%
displaying predominant cytoplasmic
localization. Export of monomeric
Yan mutants was fully Crm1-depen-
dent, since cotransfection of dsRNA
against Crml resulted in predomi-
nant nuclear localization of mono-
meric Yan in 90% of the cells (Fig.
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The ML surface and the EH surfaces, including key hydrophobic residues required for oligo-
merization, are indicated. The asterisk (EH*) denotes the naturally nonfunctional EH surface
in Mae. (B-G) Cells transfected with constructs encoding the indicated proteins were imaged
by differential interference contrast microscopy (DIC; left panels), DAPI staining (which labels
the nuclei) and fluorescence microscopy (center panels), or anti-Yan immunofluorescence
microscopy (right panels). Wild-type Yan is localized in the nucleus in the absence of Ras
signaling (B) and exported to the cytoplasm in the presence of RasV!'? (activated Ras) (C). The
monomeric Yan mutant, Yan%°P, is localized either homogenously throughout the cell (D), or
predominantly in the cytoplasm (E). RNAi against Crm1 results in nuclear localization of
Yan”#P (F), while overexpression of Crm1 results in cytoplasmic localization of Yan**¢" (G).
(H) Quantitative analysis of Yan localization. Cells transfected with the indicated constructs
were scored as exhibiting predominant nuclear localization (N), predominant cytoplasmic
localization (C), or localization in both the nucleus and cytoplasm (N + C). Error bars indicate
+standard deviation.
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Figure 2. The interaction between Yan and Mae prevents the
nuclear export of monomeric Yan. (A-E) Transiently transfected
cells were stained and imaged as in Figure 1. (A) Coexpression of
wild-type Mae results in the almost complete relocalization of
Yan”®°P to the nucleus (cf. Fig. 1D,E). (B,C) However, Mae®!*'P does
not interfere with Yan®®*°P localization, and thus the cells dis-
play either homogeneous localization (B) or cytoplasmic localiza-
tion (C) (cf. Fig. 1D,E). (D,E) Wild-type Mae does not interfere with
the nuclear export of YanY'®, and thus the cells display either
homogeneous localization (D) or cytoplasmic localization (E).
(F) Quantitative analysis of Yan localization was as described in
Figure 1H.

Yan. Under these conditions, all the Yan is driven into
Yan:Mae heterodimers (Qiao et al. 2004).

If nuclear export of the Yan monomer is due to the
exposure of Crml-binding site(s) in the monomer that
are buried in the Yan polymer, the Yan:Mae interac-
tion might also mask the Crm1-binding site(s), resulting
in the nuclear retention of the monomer. In accord with
this idea, cotransfection of Mae prevented the nuclear
export of Yan”#*°", a monomeric Yan mutant that retains
the ability to bind Mae (Fig. 2A,F). The nuclear reten-
tion of the Yan monomer was completely dependent
upon the interaction between Yan and Mae, since a Mae
mutant with a defective ML surface, which is unable
to bind to Yan, fails to interfere with the export of
Yan#8°P (Fig. 2B,C,F). In addition, the localization of
YanV'%°® a2 monomeric Yan mutant that cannot bind

Regulation of Yan nuclear export by Mae

Mae, was not altered by cotransfection of wild-type Mae
(Fig. 2D-F).

The Mae-mediated nuclear retention of Yan
is antagonized by Crm1 and Ras signaling

If Mae masks the Crml-binding site(s) on Yan, then
Crm1 might compete with Mae for binding to Yan. In
this case, Crm1 overexpression would be expected to an-
tagonize nuclear retention of Yan by Mae. In addition, if
Yan phosphorylation facilitates Yan export by helping
Crml to compete with Mae, cotransfection of Ras¥'*
should also antagonize Mae-mediated Yan nuclear reten-
tion. To test these possibilities we coexpressed Yan®86P
and Mae in the presence of Ras¥'?, Crm1, or both (Fig. 3).
Overexpression of Mae resulted in predominant nuclear
localization of monomeric Yan in ~85%-95% of the
cells. Coexpression of Crm1 reduced this proportion to
~20%-30%, dependent on the dose of transfected Mae.
Coexpression of RasV!'? alone had a much smaller effect
on Mae-mediated Yan nuclear retention—the proportion
of cells with predominant nuclear localization was
~65%-85%. The level of Ras¥!? expression used in these
experiments is sufficient to drive essentially all Yan
from the nucleus in the absence of cotransfected Mae
(see Fig. 1C). Coexpression of RasV'* and Crm1 resulted
in additive or slightly greater than additive effects on
monomeric Yan nuclear retention, supporting the idea
that Ras signaling facilitates Crm1-mediated Yan export.

Crm1 and Mae compete for binding to Yan

To test directly for competition between Crm1 and Mae,
we employed coprecipitation assays. As the interaction
between Crm1 and its targets is affected by multiple fac-
tors (e.g., it is stabilized by RanGTP in the nucleus and
destabilized by RanGDP in the cytoplasm, and may de-
pend upon additional adaptors; Fornerod et al. 1997; Na-
kielny and Dreyfuss 1999; Englmeier et al. 2001; Kuer-
sten et al. 2001; Petosa et al. 2004), we employed S2 cell
nuclear extracts as a source of Crml. Transiently ex-
pressed Flag-tagged Yan was purified on anti-Flag agarose
beads, and then incubated with S2 nuclear extract. Crm1
precipitated with the Flag-Yan-bound beads (Fig. 4A,
lane 2), but not with the beads alone (Fig. 4A, lane 1). The
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Figure 3. Nuclear localization of the Yan monomer by Mae is an-
tagonized by Crm1 and Ras signaling. The monomeric Yan mutant,
Yan”#¢P was expressed in the presence of the indicated combina-
tions of Mae, Crm1, and Ras"'*. The experiments were carried out
at low (+) or high (++) concentrations of Mae. The data were quan-
tified as described in the legend for Figure 1H.
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Figure 4. Antagonism between Crm1 and Mae for binding to Yan is
modulated by Yan phosphorylation. (A) Crm1 and Mae compete for
Yan binding. Flag-tagged Yan purified from S2 cells was immobi-
lized on anti-Flag agarose beads, and S2 cell nuclear extracts were
incubated with the beads in the absence (lane 2) or presence of
bacterially expressed His-tagged MBP-MaeSAM (lane 3) or MBP-
MaeSAMA1*D (lane 4). (Lane 1) As a control, Yan was omitted from
the binding reaction. Coprecipitated endogenous Crm1 was revealed
by anti-Crm1 immunoblotting (upper panel), while coprecipitated
Mae was revealed by anti-His immunoblotting (lower panel). (B)
Immobilized Flag-Yan that had been expressed in S2 cells in the
presence (lanes 1-6) or absence (lanes 7-12) of Ras"'* was incubated
with Crm1-containing nuclear extract and variable amounts of bac-
terially expressed MBP-MaeSAM. Coprecipitated endogenous Crm1
was revealed by anti-Crml immunoblotting (upper panel), while
coprecipitated Mae was revealed by anti-His immunoblotting (lower
panel). (C) Immobilized Flag-Yan$'?>’# that had been expressed in S2
cells in the presence (lane 3) or absence (lane 4) of Ras¥'> was incu-
bated with Crm1-containing nuclear extract. Also shown are 15% of
the input Crm1 (lane 1) and a negative control in which Yan was
omitted from the binding reaction (lane 2). Coprecipitated endog-
enous Crml was revealed by anti-Crml immunoblotting (upper
panel), while precipitated recombinant Yan was revealed by anti-
Flag immunoblotting (lower panel).

bound Crm1 was displaced from the beads upon addition
of the wild-type MBP-MaeSAM domain (Fig. 4A, lane 3),
but not upon addition of MBP-MaeSAM™*1P in which
the SAM domain contains a point mutation that disrupts
the ML surface (Fig. 4A, lane 4).

We next determined whether phosphorylation of Yan
enhanced the coprecipitation of Crm1. Flag-tagged wild-
type Yan was transiently expressed in S2 cells in the
absence or presence of RasV'* and then tested in copre-
cipitation assays for binding to Crm1 in S2 cell nuclear
extracts. Like untagged Yan, Flag-tagged Yan localizes to
the nucleus in the absence of Ras signaling and is ex-
ported to the cytoplasm in the presence of Ras signaling
(data not shown). The amount of Ras¥'? used in these
experiments was sufficient to drive nearly all the Yan
protein into the cytoplasm, indicating that Yan phos-
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phorylation is likely quantitative. This was further veri-
fied by anti-Flag immunoblots showing a quantitative
mobility shift of Flag-Yan upon coexpression with
RasV1? (data not shown). The Crm1-Yan interaction was
more stable when the Yan was expressed with the acti-
vated form of Ras, as shown by the coprecipitation and
Mae competition assays (Fig. 4B, cf. lanes 1-6 and 7-12).
This enhanced interaction was likely dependent on
phosphorylation of Yan on Ser127, as coexpression with
activated Ras had no effect on the ability of Flag-tagged
YanS!272 to bind Crm1 (Fig. 4C, cf. lanes 3 and 4).

In contrast to the results described above in which we
employed a Crml-containing nuclear extract, purified
Crm1 does not show significant affinity for Yan (data not
shown), indicating that the nuclear extract provides ad-
ditional components that stabilize the interaction. This
is consistent with previous studies on exportins showing
that they often require adaptor molecules for high-affin-
ity binding to their targets (Englmeier et al. 2001; Kuer-
sten et al. 2001). In addition, the GTP-bound form of Ran
is required for the stable binding of Crm1 to its targets
(Fornerod et al. 1997; Nakielny and Dreyfuss 1999; Pe-
tosa et al. 2004), and we therefore included GMP-PNP as
a standard component in all the Crm1 binding assays.

A model for the regulation
of the Crm1:Yan interaction

We propose a model in which Mae plays multiple roles
in regulating the Crml:Yan interaction. In cells that
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Figure 5. Proposed model for the regulation of Yan localization by
antagonism between Crm1 and Mae. (A) In unstimulated cells, poly-
meric and monomeric Yan are in equilibrium with one another.
Favorable binding of the small amount of Mae present in these cells
to monomeric Yan pulls the equilibrium away from the polymer.
Since depolymerization is required for the access of MAPK to the
Yan phosphorylation site, this helps to poise Yan for response to the
RTK signal. At the same time, Mae prevents access of Crml to
monomeric Yan. (B) Upon RTK activation, phosphorylation of the
Yan monomer favors Crm1 binding, leading to the export of the Yan
monomer. Increased export of Yan results in the partial derepression
of Yan target genes including Mae. (C) Increased levels of Mae com-
pletely depolymerize Yan, leading to full derepression of Yan tar-
gets.



have not received the RTK signal, polymeric Yan is in
equilibrium with depolymerized Yan (Fig. 5A). The for-
mation of the depolymerized Yan is likely favored by the
presence of a small amount of Mae in the nucleus of
unstimulated cells, which binds and blocks one of the
Yan polymerization interfaces (the Yan EH surface). We
suspect that by promoting limited Yan depolymeriza-
tion, Mae ensures that unstimulated cells will be poised
to receive the RTK signal. However, at this stage Mae
also appears to block access of Crm1 to depolymerized
Yan. This is important since if depolymerized Yan was
accessible to Crml1, the resulting export of Yan would
pull the equilibrium away from the polymer, leading to
further Yan export and ultimately to premature expres-
sion of Yan target genes.

It is essential to maintain Mae at low levels in undif-
ferentiated cells, because, as we have shown, Mae-medi-
ated Yan depolymerization is sufficient to result in de-
repression, even in the absence of Ras signaling (Qiao et
al. 2004). Maintenance of low levels of Mae prior to dif-
ferentiation appears to be at least partially ensured by
the Yan-dependent repression of Mae (Vivekanand et al.
2004). Upon activation of Ras, Ser127 in the Yan-Mae
dimer is phosphorylated by the activated Rolled MAPK,
favoring Crm1 in the competition with Mae for binding
to Yan (Fig. 5B). The resulting increased Yan export is
expected to relieve the transcriptional repression of Mae,
and the accumulation of additional Mae is then expected
to result in further Yan depolymerization, phosphoryla-
tion, and nuclear export (Fig. 5C). This feedback loop
ensures that while Yan targets will be stably repressed
prior to differentiation, they will be completely dere-
pressed upon reception of the RTK signal. Furthermore,
this feedback loop could serve to amplify a small change
in the level of the RTK ligand, thereby allowing for sharp
threshold responses to graded extracellular ligands.

Materials and methods

Plasmids

YanA86D, S127A V105E, S127A

and Yan expression plasmids were constructed
by site-directed mutagenesis of pPRM-Yan®!274 (kindly provided by Ilaria
Rebay, University of Chicago, Chicago, IL). Expression plasmids encod-
ing the N-terminally Flag-tagged Yan proteins were constructed by in-
serting PCR-derived fragments between the Kpnl and Sacl sites of the
pPac-Flag vector (Chen et al. 1999). The Crm1 coding region was PCR-
amplified from a pGEX-Crm1 plasmid (kindly provided by Christos Sa-
makovlis, Stockholm University, Stockholm, Sweden) and inserted into
a pAct vector (Invitrogen). Other plasmids have been previously de-
scribed (Qiao et al. 2004).

RNAi
The primers for making Crm1 dsRNA were designed as previously de-
scribed (Tootle et al. 2003). Cells were collected 3 d after transfection.

Immunohistochemistry

S2 cells were transfected by the calcium phosphate precipitation proce-
dure. Immunofluorescent staining was carried out as previously de-
scribed (Qiao et al. 2004). Rabbit polyclonal anti-Crm1 antibody was
kindly provided by Christos Samakovlis. Mouse monoclonal anti-Flag
antibody and anti-Flag agarose beads were from Sigma. Mouse mono-
clonal anti-His HRP-conjugated antibody was from Invitrogen.

Coprecipitation assays

S2 cells transfected with Flag-tagged Yan were lysed in buffer A (50 mM
Tris-HCI at pH 7.4, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 0.8%
Triton X-100, 0.5 mM DTT and protease inhibitor cocktail; Roche).
Clarified lysates were incubated with anti-Flag agarose beads, washed

Regulation of Yan nuclear export by Mae

with buffer A and then with pull-down buffer (50 mM Tris-HCl at pH 7.4,
150 mM NaCl, 1 mM DTT). MBP-MaeSAM was purified as previously
described (Qiao et al. 2004). To prepare S2 cell nuclear extracts, cell
membranes were broken in buffer B (10 mM Tris-HCl at pH 7.4, 10 mM
NaCl, 50 mM KCl, 2 mM MgCl,, 0.75% NP40, 0.5 mM DTT, and pro-
tease inhibitor cocktail; Roche). The nuclei were pelleted, resuspended in
buffer C (50 mM Tris-HCl at pH 7.4, 250 mM NaCl, 2 mM EDTA, 2 mM
EGTA, 1 mM GMP-PNP [Sigma), 0.5% Triton X-100, 10% glycerol, 0.5
mM DTT, and protease inhibitor cocktail [Roche]) and incubated at 4°C
for 1 h. Two-hundred microliters of clarified nuclear extract was diluted
with 800 pL pull-down buffer containing 1 mM GMP-PNP and incubated
with the Flag-Yan beads. After extensive washing with pull-down buffer,
the bound protein was eluted with SDS-PAGE sample buffer and ana-
lyzed by Western blotting.
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