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Proper mitotic spindle orientation requires that astral micro-
tubules are connected to the cell cortex by the microtubule-
binding protein NuMA, which is recruited from the cytoplasm.
Cortical recruitment of NuMA is at least partially mediated via
direct binding to the adaptor protein LGN. LGN normally
adopts a closed conformation via an intramolecular interaction
between its N-terminal NuMA-binding domain and its C-termi-
nal region that contains four GoLoco (GL) motifs, each capable
of binding to the membrane-anchored G�i subunit of heterotri-
meric G protein. Here we show that the intramolecular associa-
tion with the N-terminal domain in LGN involves GL3, GL4, and
a region between GL2 and GL3, whereas GL1 and GL2 do not
play a major role. This conformation renders GL1 but not the
other GL motifs in a state easily accessible to G�i. To interact
with full-length LGN in a closed state, NuMA requires the pres-
ence of G�i; both NuMA and G�i are essential for cortical
recruitment of LGN in mitotic cells. In contrast, mInsc, a pro-
tein that competes with NuMA for binding to LGN and regulates
mitotic spindle orientation in asymmetric cell division, effi-
ciently binds to full-length LGN without G�i and induces its
conformational change, enhancing its association with G�i. In
nonpolarized symmetrically dividing HeLa cells, disruption of
the LGN–NuMA interaction by ectopic expression of mInsc
results in a loss of cortical localization of NuMA during meta-
phase and anaphase and promotes mitotic spindle misorienta-
tion and a delayed anaphase progression. These findings high-
light a specific role for LGN-mediated cell cortex recruitment of
NuMA.

Cell division is fundamental for increasing cell number and
altering cell types; cells divide symmetrically to expand the
number of identical cells, whereas asymmetric cell divisions
regulate differentiation by generating two different daughter
cells (1–4). During mitosis, microtubules reorganize into bipo-
lar spindles that attach the chromosomes to the centrosomes
(i.e. the spindle poles) and into astral microtubules that ema-
nate from the spindle poles and attach to the actin-rich cell

cortex. The cortical capture of astral microtubules is followed
by the localization of the minus-end-directed motor protein
complex dynein at the cell cortex. The movement of cortically
anchored dynein on the astral microtubules toward the spindle
poles is thought to generate pulling forces for correct position-
ing of the spindle poles and proper spindle orientation (5–7).
Cortical recruitment of the motor complex involves the dynein-
binding protein NuMA, a component of an evolutionarily-con-
served ternary complex containing the adaptor protein LGN
and the G�i subunit of heterotrimeric G proteins (5–7).

In symmetric cell division of adherent mammalian cells,
including nonpolarized HeLa cells, LGN forms a complex with
NuMA and GDP-bound G�i during metaphase, the latter of
which is directly anchored in the plasma membrane (8 –13).
NuMA is thus targeted to the lateral cortex via ternary complex
formation to recruit its partner dynein for planar spindle orien-
tation (9 –13). mInsc, another LGN-binding protein (14, 15),
drives asymmetric cell division in mammalian cells with apico-
basal polarity, such as epidermal and neuronal progenitor cells,
via influencing spindle orientation from planar toward more
apico-basal orientation (14, 16–19). This effect is likely medi-
ated via apical recruitment of LGN by the adaptor mInsc, which
is able to simultaneously bind to Par3 (15), a cell polarity pro-
tein that localizes to the apical membrane in these cells (14,
16–19).

Human LGN directly interacts with NuMA and mInsc via
the N-terminal domain, comprising eight copies of tetratrico-
peptide repeat (TPR)2 motif (20 –25), whereas the C-terminal
region of LGN contains four GoLoco (GL) motifs, each capable
of binding to GDP-bound G�i (26, 27) (see Fig. 1A). Since the
NuMA-binding site overlaps with the mInsc-interacting
region, the two proteins bind to LGN in a mutually exclusive
manner (20, 21). The four GL motifs (GL1–GL4) in LGN are
intrinsically independent G�i-binding sites with a similar affin-
ity (26, 27). During interphase, LGN adopts a closed conforma-
tion via an intramolecular interaction of the N-terminal TPR
domain with a C-terminal GL-motif-containing region (8, 28).
Full-length LGN, in the closed structure, appears to marginally
interact with NuMA and G�i, compared with the isolated TPR
domain and C-terminal region, respectively (8). Although
mInsc interacts with the N-terminal fragment of LGN with a
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higher affinity than that of NuMA (20, 21), it has been obscure
whether the same is true on the interaction with full-length
LGN.

The Drosophila LGN-related protein Pins also forms a
closed state via a similar intramolecular TPR–GL interaction
(29), although it lacks a GL motif, corresponding to the sec-
ond GL motif (GL2) in mammalian LGN, and thus contains
only three GL motifs (30). The first GL motif in Pins does not
seem to be coupled to the intramolecular interaction, in con-
trast to the other two motifs; full-length Pins is capable of
binding to G�i via the first GL motif (29). On the other hand,
in human LGN, all the four GL motifs are thought to be
required for the intramolecular interaction (8, 28), suggest-
ing that the activity of LGN and Pins may be differentially
regulated. The precise regulation of LGN, however, has not
been well-understood.

In the present study, we show that the intramolecular inter-
action with the TPR domain in LGN involves GL3, GL4, and a
region between GL2 and GL3, whereas GL1 and GL2 do not
play major roles. This conformation renders GL1 but not other
GL motifs in a state easily accessible to G�i. The TPR-binding
protein mInsc efficiently interacts with full-length LGN and
induces its conformational change to enhance the association
with G�i via GL motifs other than GL1. In contrast, NuMA,
another target for LGN-TPR, requires the presence of G�i for
its binding to full-length LGN; both NuMA and G�i are essen-
tial for cortical recruitment of LGN in mitotic cells. Disruption
of the LGN–NuMA interaction by mInsc results in a loss of
cortical localization of NuMA during metaphase and anaphase,
which leads to mitotic spindle misorientation and a delayed
anaphase progression.

Results

A region required for intramolecular interaction with the
N-terminal TPR domain of LGN

In LGN, the N-terminal TPR domain directly associates with
the C-terminal region, which contains four copies of the GL
motif, a conserved sequence of 19 amino acids (30) (Fig. 1A). To
precisely map a region required for the intramolecular inter-
action with the N-terminal domain (LGN-N, amino acids
13– 414), we prepared a series of C-terminal fragments as MBP
(maltose-binding protein)-fused protein and performed an
MBP pulldown binding assay. As shown in Fig. 1B, a C-terminal
fragment that lacks GL1 (amino acids 535– 645) or both GL1
and GL2 (560 – 645) associated with LGN-N as strongly as the
C-terminal region of LGN (LGN-C) that contains the four GL
motifs (480 – 645). Thus, GL1 and GL2 do not seem to play a
major role in the intramolecular interaction. On the other
hand, further deletion of a region between GL2 and GL3 (560 –
580) resulted in an incomplete but severe loss of the interaction
(Fig. 1B), indicating the significance of the region linking GL2
and GL3. The finding also suggests a significant role of GL3,
GL4, or both in the intramolecular interaction in LGN. Indeed
both regions are likely required, because a fragment lacking
GL3 (619 – 645) or GL4 (560 – 611 or 581– 611) was incapable
of interacting with LGN-N (Fig. 1C). Taken together, GL3, GL4,
and the linker region between GL2 and GL3 appear to partici-

pate in the intramolecular interaction with the N-terminal TPR
domain.

GL1 in full-length LGN is easily accessible to G�i

The present findings that GL3 and GL4 but not GL1 or GL2
play a major role in the intramolecular interaction of LGN (Fig.
1) raised the possibility that GDP-bound G�i may access GL1
and/or GL2 more easily than GL3 and GL4 in full-length LGN
(LGN-F, amino acids 1– 677). To test this, we introduced muta-
tions that led to a loss of binding to G�i in both GL1 and GL2 or
in both GL3 and GL4. It is well known that the G�i-binding
activity of the GL motif is almost completely lost by substitution
of phenylalanine for arginine, which is the rearmost residue in
the conserved 19 amino acid sequence of GL motifs (29 –31);
the invariant arginine residue corresponds to Arg-501 of GL1,
Arg-556 of GL2, Arg-606 of GL3, and Arg-640 of GL4 in human

Figure 1. A region required for intramolecular interaction with the N-ter-
minal TPR domain in LGN. A, schematic representation of the domain orga-
nization of human LGN and its truncated proteins used in the present study.
The N-terminal domain of LGN comprises eight TPR motifs, whereas the C-ter-
minal region contains four GL motifs. GL2 and its C-terminally flanking region
of LGN-related proteins from various species are aligned: Homo sapiens (Hs),
Mus musculus (Mm), Gallus gallus (Gg), Xenopus tropicalis (Xt), and Drosophila
melanogaster (Dm). The core conserved sequences of the GL motif are boxed.
B and C, MBP-fused LGN with the indicated truncation or MBP alone was
incubated with LGN-N and pulled down with amylose resin. The precipitated
proteins were subjected to SDS-PAGE, followed by staining with CBB. The
positions for marker proteins are indicated in kilodaltons. MW, molecular
weight.
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LGN. Using purified full-length LGN proteins carrying
mutated GL1/GL2 (LGN-F-mGL1/2 with the R501F/R556F
substitution) and with mutated GL3/GL4 (LGN-F-mGL3/4
with the R606F/R640F substitution), we investigated their abil-
ity to bind to G�i2–GDP. Although LGN-F-mGL1/2 failed to
effectively bind to the GDP-bound form of G�i2 (G204A),
LGN-F-mGL3/4 interacted with G�i2 (G204A) to a similar
extent to WT LGN-F (Fig. 2A). Similarly, when WT and mutant
LGN-F proteins were expressed as FLAG-tagged protein in
HEK293 cells, EE-tagged G�i2 was co-precipitated with LGN-
F-mGL1/2 but to a lesser extent than that with LGN-F-mGL3/4
and with the WT protein (Fig. 2B). These findings suggest that
GL1 and/or GL2 in full-length LGN is more easily accessible to
G�i2.

The difference in the accessibility is not likely due to that
in their G�i2-binding activity. This is because, in contrast to
full-length proteins, C-terminal fragments (amino acids
480 – 645) with the mutations (LGN-C-mGL1/2 and LGN-
C-mGL3/4) interacted with G�i2 (G204A) to the same extent

(Fig. 2C), which is consistent with previous observations that
four GL motifs of LGN each bind to G�i with a similar affin-
ity (26, 27). In addition, LGN-C-mGL1/2 and LGN-C-
mGL3/4 associated with LGN-N as strongly as the WT pro-
tein (Fig. 2D), confirming that both R501F/R556F and
R606F/R640F substitutions do not affect the intramolecular
interaction in LGN.

We next asked which is responsible for the easy G�i accessi-
bility, GL1 or GL2. As shown by an in vitro binding assay using
purified protein, LGN-F-mGL2/3/4, in which GL1 is solely
intact among the four motifs, associated with G�i2 as effectively
as the WT protein (Fig. 2E). In contrast, GL2, as well as GL3 and
GL4, in full-length LGN was less effective in binding to G�i2
(Fig. 2E). Also in HEK293 cells, LGN-F-mGL2/3/4 (with active
GL1) bound more efficiently to G�i2 than did LGN-F-mGL1/
3/4 (with active GL2) (Fig. 2F). Thus, GL1 in full-length LGN is
easily accessible to G�i, indicating that GL1 is in a state capable
of interacting with G�i even in the presence of the intramolec-
ular interaction.

Figure 2. GL1 in full-length LGN is easily accessible to G�i. A, C, and E, G�i2 (G204A) at the indicated concentrations was incubated with 0.5 �M LGN-F-(1–
677)–His (A and E) or with 0.5 �M MBP-LGN-C-(480 – 645)–His or MBP alone (C). Proteins were pulled down with COSMOGEL His-Accept (A and E) or amylose
resin (C) and subjected to SDS-PAGE, followed by staining with CBB. B and F, FLAG–LGN-F (wt or the indicated mutant protein) and G�i2 (wt)–EE were expressed
in HEK293 cells, and proteins in the cell lysate were immunoprecipitated (IP) with the anti-FLAG antibody, followed by immunoblot analysis with the indicated
antibodies (Blot). D, MBP–LGN-C–His or MBP alone was incubated with LGN-N (left panel) or with GST–LGN-N or GST alone (right panel). Proteins were pulled
down with amylose resin (left panel) or glutathione-Sepharose-4B beads (right panel) and subjected to SDS-PAGE, followed by staining with CBB. Positions for
marker proteins are indicated in kilodaltons. MW, molecular weight. wt, wild-type: mGL1/2, mGL3/4, mGL2/3/4, mGL1/3/4, mGL1/2/4, mGL1/2/3, and mGL1/2/3/4
or mt, the R501F/R556F, R606F/R640F, R556F/R606F/R640F, R501F/R606F/R640F, R501F/R556F/R640F, R501F/R556F/R606F, and R501F/R556F/R606F/R640F
substitutions, respectively.
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GL1 of LGN is accessible to G�i2 expressed on the plasma
membrane in MDCK cells

As shown here, among the four GL motifs in LGN, GL1 is in
a state easily accessible to G�i (Fig. 2). To further investigate the
in vivo structure of LGN, we expressed mutant full-length LGN
proteins with a single intact GL motif and the other three motifs
inactivated. In MDCK cells overexpressing G�i2, full-length
LGN (wt) localized to the cell cortex (Fig. 3). On the other hand,
LGN (wt) was distributed throughout the cytoplasm of parent
MDCK cells (data not shown). These findings indicate that
LGN by itself is capable of localizing to the cell cortex in the
presence of enough amounts of G�i on the plasma membrane.
LGN-F-mGL2/3/4 (with active GL1) also localized to the cell
cortex but to a lesser extent (Fig. 3), suggesting that GL1 is easily
accessible to G�i2 on the plasma membrane and that a single
GL motif has an ability to localize LGN to the cell cortex. On the
other hand, cortical localization was lost by inactivation of GL1
and any two of the other three GL motifs (Fig. 3). Thus, GL2,
GL3, and GL4 in full-length LGN appear to be inaccessible to
G�i2. The crucial role of GL1 in cortical recruitment of LGN is
consistent with the present binding assays using full-length
LGN both in vivo and in vitro (Fig. 2).

mInsc but not NuMA binds to LGN even in the absence of G�i

In vitro, mInsc directly binds to the N-terminal TPR domain
of LGN with a higher affinity than that of NuMA (20, 21). Here
we compared the binding of full-length LGN (LGN-F) to
NuMA with that to mInsc in HEK293 cells ectopically express-
ing G�i2 (G204A), because binding of LGN-F to NuMA is
known to depend on the expression of G�i (8). As shown in Fig.
4A, LGN-F interacted with full-length mInsc (mInsc-F) much
more strongly than with full-length NuMA (NuMA-F), sug-
gesting that mInsc may bind to LGN-F independently of the
presence of G�i. We next tested this possibility both by an in
vitro binding assay using purified LGN-F and by a co-precipi-
tation assay in cells expressing full-length proteins. Purified
LGN-F interacted with the LGN-interacting region of NuMA

(amino acids 1885–1912) solely in the presence of G�i (Fig. 4B).
In contrast, even without G�i, LGN-F bound to the LGN-bind-
ing domain of mInsc (amino acids 23– 69) (Fig. 4B). When
expressed in HEK293 cells, LGN-F interacted with NuMA-F in
a manner completely dependent on co-expression with G�i2
(G204A) (Fig. 4C). In contrast, LGN-F bound to mInsc-F even
in the absence of exogenous G�i2 (Fig. 4D). These findings indi-
cate that full-length LGN is in a state accessible to mInsc at least
to some extent, both in vivo and in vitro.

mInsc induces a conformational change of LGN to enhance its
binding to G�i

Since NuMA is able to enhance LGN binding to G�i (8),
mInsc, a stronger partner of LGN (Fig. 4), is also expected to
induce a conformational change in LGN. As shown in Fig. 5A,
mInsc enhanced LGN binding to G�i in a dose-dependent
manner, which was more effective than that induced by NuMA.
The mInsc-induced conformational change requires direct
interaction with LGN, since the enhancement of LGN binding
to G�i2 was impaired by the W31A/E42R substitution in mInsc
(Fig. 5B), a mutation that leads to a defective interaction with
LGN (20). In addition, mInsc blocked the association between
the N- and C-terminal regions of LGN (Fig. 5C). Thus, mInsc
induces a conformational change via disrupting the intramolec-
ular interaction, which leads to enhancement of LGN binding
to G�i.

The present finding that GL1 is ready to access G�i even in a
resting conformation suggests that the mInsc-induced confor-
mational change promotes G�i binding to GL motifs other than
GL1. As expected, interaction with G�i was efficiently en-
hanced in LGN-F-mGL1/2 (with intact GL3/4) but only slightly
facilitated in LGN-F-mGL3/4 (with intact GL1/2) (Fig. 5D).
Furthermore, mInsc did not affect GL1 binding to G�i (see
LGN-F-mGL2/3/4) but enhanced GL2 binding to G�i (see
LGN-F-mGL1/3/4) (Fig. 5E). These findings indicate that
mInsc binding to LGN induces a conformational change, ren-
dering GL motifs other than GL1 in a state accessible to G�i.

Figure 3. GL1 but not other GLs in full-length LGN is accessible to G�i2 expressed on the plasma membrane in MDCK cells. MDCK cells stably expressing
EE-tagged G�i2 (wt) were transfected with pFE-BOS encoding an HA-tagged full-length LGN as follows: WT LGN (wt); a mutant protein with active GL1
(mGL2/3/4), GL2 (mGL1/3/4), GL3 (mGL1/2/4), or GL4 (mGL1/2/3); or a mutant protein with the four GLs inactivated (mGL1/2/3/4). The cells were fixed and
stained with the anti-HA (green) and anti-EE (magenta) antibodies. Scale bar, 10 �m.
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Cortical recruitment of LGN during metaphase requires its
simultaneous interaction with NuMA and G�i

In mitotic HeLa cells, LGN is enriched as two cortical
crescents overlying each spindle pole during metaphase and
anaphase (8 –13). To clarify the role of NuMA as well as G�i

in cortical association of LGN, we expressed full-length
mutant LGN proteins, which led to defective binding to
NuMA or G�i, in HeLa cells. Zhu et al. (21) have shown that
alanine substitution of both Arg-221 and Arg-236 in LGN
results in a loss of interaction with the LGN-binding region
of NuMA. Consistent with this, a mutant LGN (R221A/
R236A) failed to bind to full-length NuMA (Fig. 6A) but
retained the ability to interact with mInsc (Fig. 6B). In con-
trast to cortical localization of WT LGN during metaphase,
LGN-F (R221A/R236A) was distributed throughout the
cytoplasm but not recruited to the cell cortex (Fig. 6C). Thus,
interaction with NuMA appears to be required for localiza-
tion of LGN to two cortical crescents facing the spindle
poles. Cortical recruitment of LGN was also impaired by
inactivation of all the four GL motifs (mGL1/2/3/4) (Fig. 6C),
which leads to a complete loss of interaction with G�i (Figs.
2 and 4). These findings indicate that LGN is enriched in
cortical crescents facing the spindle poles during metaphase
via simultaneous interactions with NuMA and G�i.

Exogenous mInsc inhibits cortical localization of NuMA and
correct spindle orientation

Because mInsc binds to LGN with a much higher affinity
than that of NuMA and the NuMA-interacting site is mostly
overlapped in the mInsc-binding region in LGN, mInsc effec-
tively replaces NuMA in an in vitro biding assay using purified
proteins (20, 21). Also in HeLa cells, mInsc is likely capable of
dissociating the LGN–NuMA complex, since GFP-fused mInsc
(wt) was enriched as two cortical crescents overlying each spin-
dle pole during metaphase, and the expression resulted in a loss
of cortical recruitment of NuMA without impairing its localiza-
tion to the two spindle poles (Fig. 7A). In contrast, a mutant
mInsc (W31A/E42R), defective in binding to LGN (20), local-
ized throughout the cytoplasm and did not affect NuMA local-
ization to the cortical crescents (Fig. 7A). These findings indi-
cate that mInsc localizes to the cortex via the interaction with
LGN and thereby dissociates NuMA from the LGN–NuMA
complex.

In polarized mammalian cells such as epidermal and neuro-
nal progenitor cells, apically expressed mInsc recruits LGN to
the apical membrane and converts from planar into oblique/
vertical orientation of mitotic spindles, leading to asymmetric
cell division (14, 16–19). In these cases, it is thought that NuMA
is recruited to the apical domain via binding to LGN (16 –19),

Figure 4. mInsc but not NuMA binds to LGN even in the absence of G�i. A, C, and D, FLAG–LGN-F was co-expressed with Myc–NuMA-F, Myc–mInsc-F,
and/or G�i2 (G204A)–EE in HEK293 cells, and proteins in the cell lysate were immunoprecipitated (IP) with the anti-FLAG antibody, followed by
immunoblot analysis with the indicated antibodies (Blot). B, MBP–NuMA-(1885–1912), MBP–mInsc-(23– 69), or MBP alone was incubated with purified
LGN-F–His in the presence or absence of G�i2 (G204A) and pulled down with amylose resin. The precipitated proteins were subjected to SDS-PAGE,
followed by staining with CBB. Positions for marker proteins are indicated in kilodaltons. MW, molecular weight. wt, WT LGN-F; mt, a mutant LGN-F with
the four GLs inactivated (mGL1/2/3/4).
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but the role of the LGN–NuMA interaction is questioned
because mInsc and NuMA interact with LGN in a mutually
exclusive manner. In nonpolarized mammalian adherent cells,
such as HeLa cells, mitotic spindles are aligned parallel to the
adhesion plane during symmetric cell division, which involves
LGN and NuMA (8 –13). To know the specific role of the LGN–
NuMA interaction, we examined the effect of mInsc (wt) and
mInsc (W31A/E42R) on planar spindle orientation in HeLa
cells. The planar alignment of mitotic spindles was perturbed
by expression of GFP–mInsc (wt) (Fig. 7, B and C). This effect
appears to be mediated by LGN, since the perturbation was not
induced by expression of GFP–mInsc (W31A/E42R), defective
in binding to LGN (Fig. 7, B and C). Thus, mInsc-mediated
blockade of the LGN–NuMA interaction results in spindle mis-
orientation in metaphase HeLa cells. Taken together, the
LGN–NuMA interaction is required for cortical localization of
NuMA, which plays a role in planar spindle orientation in HeLa
cells.

Exogenous mInsc blocks mitotic progression from metaphase
to anaphase

Similar to the effect of mInsc on localization of endogenous
NuMA during metaphase (Fig. 7A), the protein failed to fully
localize to cortical crescents also during anaphase in HeLa cells
expressing GFP–mInsc (wt) but not in those containing GFP–
mInsc (W31A/E42R), impaired in binding to LGN (Fig. 8A). On
the other hand, spindle pole accumulation of NuMA during

anaphase was not affected by GFP–mInsc (wt) (Fig. 8A). Thus,
mInsc-mediated blockade of the NuMA–LGN interaction
likely inhibits cortical localization of NuMA in anaphase as well
as in metaphase. These findings suggest that the NuMA–LGN
interaction may play a role not only during metaphase but also
at later mitotic stages. To test the possibility, we expressed
mInsc (wt) or mInsc (W31A/E42R) in HeLa cells and analyzed
mitotic cells by immunofluorescence detection (Fig. 8B). As
shown in Fig. 8C, expression of GFP–mInsc (wt) marginally
increased the number of mitotic cells, whereas GFP–mInsc
(W31A/E42R) did not affect the mitotic index. Interestingly,
solely in GFP–mInsc (wt)-expressing cells, the population of
metaphase cells was elevated with a decrease in the sum of
anaphase and telophase cells (Fig. 8D). We observed no differ-
ence between GFP-, GFP–mInsc (wt)-, and GFP–mInsc
(W31A/E42R)-expressing cells in populations with defects in
chromosome segregations such as misaligned chromosomes or
lack of tension, suggesting that the mitotic checkpoint is not
activated in GFP–mInsc (wt)-expressing cells (32). Thus, the
LGN-mediated cortical localization of NuMA appears to be
involved in mitotic progression from metaphase to anaphase.

Discussion

In the present study, we depict a closed structure of human
LGN via analyses using purified proteins and by expressing
mutant proteins in cells. LGN is known to adopt a closed con-
formation via the intramolecular interaction of the N-terminal

Figure 5. mInsc induces a conformational change of LGN to enhance its binding to G�i. A and E, LGN-F–His (0.5 �M) and G�i2 (G204A) (1 �M) were
incubated with the indicated concentrations of MBP–NuMA-(1885–1912) (A) or MBP–mInsc-(23– 69) (A and E) and pulled down with COSMOGEL His-Accept.
The precipitated proteins were subjected to SDS-PAGE, followed by staining with CBB. B and D, FLAG–LGN-F (wt or the indicated mutant protein) and G�i2
(G204A)–EE were co-expressed with Myc–mInsc-F (wt) (B and D) or Myc–mInsc-F (W31A/E42R) (B) in HEK293 cells, and proteins in the cell lysate were
immunoprecipitated (IP) with the anti-FLAG antibody, followed by immunoblot analysis with the indicated antibodies (Blot). C, GST–LGN-N (0.5 �M) or GST
alone (0.5 �M) was incubated with MBP–LGN-C�-(560 – 645)–His (1.5 �M) and the indicated concentrations of MBP–mInsc-(23– 69). Proteins pulled down with
glutathione-Sepharose-4B beads were subjected to SDS-PAGE and stained with CBB. Positions for marker proteins are indicated in kilodaltons. MW, molecular
weight. wt, WT; mGL1/2, mGL3/4, mGL2/3/4, and mGL1/3/4, the R501F/R556F, R606F/R640F, R556F/R606F/R640F, and R501F/R606F/R640F substitutions,
respectively.
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TPR domain with a C-terminal region that contains four GL
motifs (GL1–GL4) (8). Although the significant role of GL3 and
GL4 in the autoinhibited structure has been well demonstrated
(28), states of other GL motifs have remained to be elucidated.
As shown in the present binding assay using separate N- and
C-terminal fragments (Fig. 1), GL3 and GL4 are essential for
interaction with the TPR domain, and the interaction is
strongly enhanced by the linker between GL2 and GL3; by con-
trast, neither GL1 nor GL2 seems to play a major role in the
intramolecular interaction. As a result, GL1 is easily accessible
to its target protein G�i even in a closed structure of LGN (Figs.
2 and 3). This is well documented by the following findings: a
full-length LGN with intact GL1 and the other GL motifs
mutated (LGN-F-mGL2/3/4) binds to G�i to the same extent as
does the WT protein, whereas inactivation of GL1 impairs the
interaction of full-length LGN with G�i (Fig. 2), and LGN-F-
mGL2/3/4 harboring intact GL1 but not proteins with inacti-
vated GL1 is recruited to the plasma membrane in G�i-overex-
pressing cells (Fig. 3). In contrast to GL1, the other three GL
motifs are normally in a state inaccessible to G�i (Figs. 2 and 3).
This is compatible with the observation that G�i-interacting
residues of GL3 and GL4 are masked in an autoinhibited, closed
structure of truncated LGN (28). On the other hand, the inac-
cessibility of GL2 to G�i may be explicable by the involvement
of its C-terminally flanking region in the intramolecular inter-
action, although GL2 by itself does not make a major contribu-
tion to the closed structure of LGN.

The present model for a closed form of LGN is somewhat
different from that proposed by Pan et al. (28), in which GL1/2
(the pair of GL1 and GL2) and GL3/4 (the pair of GL3 and GL4)
both interact with the N-terminal TPR domain, albeit GL3/4
has a higher affinity than that of GL1/2. The reason for the
discrepancy is presently unknown, but it may be possible that
less attention has been paid to the role of the linker region
between GL2 and GL3. On the other hand, the closed structure
of LGN with easily accessible GL1 is similar to that proposed for
Pins, a Drosophila homolog of mammalian LGN (29), which
lacks a motif corresponding to GL2 in LGN and thus has only
three GL motifs (30). In Pins, the second and third GL motifs
(corresponding to GL3 and GL4 in LGN, respectively) play a
crucial role in the autoinhibited intramolecular interaction
(29). Of note, the linker region between GL2 and GL3, playing a
crucial role in human LGN (Fig. 1, B and C), is evolutionarily
conserved in mammalian LGN and Drosophila Pins (Fig. 1A),
although the role for this region of Pins has not been tested.
Because the linker region, as well as GL3 and GL4, is also con-
served in AGS3 (Fig. 1A), a mammalian protein that has the
same domain architecture as that of LGN and participates in
directed migration of neutrophils (33), its function may be sim-
ilarly regulated via the intramolecular interaction.

Although LGN, in a closed state, interacts via GL1 with G�i
but is normally inaccessible to NuMA (Fig. 4C), G�i and NuMA
cooperatively induce a conformational change of LGN to
enhance binding to both proteins (Fig. 4, A and C). Consistent
with this, cortical localization of LGN requires its simultaneous
interaction with G�i and NuMA during metaphase in nonpo-
larized symmetrically dividing HeLa cells (Fig. 6C). In contrast
to NuMA, mInsc efficiently binds to LGN even in the absence of
G�i (Fig. 4, B and D) and induces a conformational change to
enhance binding to G�i (Figs. 4, A and B, and 5B). With its high
affinity for LGN, mInsc replaces NuMA at the cortical cres-
cents in metaphase HeLa cells and perturbs planar orientation
of mitotic spindles (Fig. 7). This finding appears to agree with
previous observations that depletion of LGN impairs both cor-
tical localization of NuMA and planar spindle orientation dur-
ing metaphase in HeLa cells (10 –13). Intriguingly, planar spin-
dle orientation is perturbed but not strongly randomized even
by the severe decrease in cortical localization of the dynein-
binding protein NuMA (Fig. 7C), which may implicate the
existence of an additional pathway to maintain planar spindle
orientation during metaphase. In this context, it should be
noted that, even in the absence of astral microtubules, meta-
phase spindles in HeLa and MDCK cells are not randomly posi-
tioned along the x–z plane, but the orientation remains biased
toward a shallow spindle tilt along the x–z dimension (34).

In polarized mammalian cells such as epidermal and neuro-
nal progenitor cells, mInsc localizes to the apical membrane,
which leads to apical recruitment of LGN and converts from
planar into oblique/vertical orientation of mitotic spindles for
asymmetric cell division (14, 16–19). In these cases, it is
assumed that NuMA is recruited to the apical domain via bind-
ing to LGN, which is transported by the LGN–mInsc interac-
tion. The assumption may not be simply accepted, because
mInsc and NuMA interact with LGN in a mutually exclusive
manner. In asymmetric cell division of neuronal progenitor

Figure 6. LGN is recruited to the cell cortex during metaphase in a man-
ner dependent on its simultaneous binding to NuMA and G�i. A, FLAG–
NuMA-F was co-expressed with HA–LGN-N (wt) or HA–LGN-N (R221A/R236A)
in HEK293 cells. B, FLAG–mInsc-F was co-expressed with HA–LGN-F (wt) or
HA–LGN-F (R221A/R236A) in HEK293 cells. Proteins in the cell lysate were
immunoprecipitated (IP) with the anti-FLAG antibody, followed by immuno-
blot analysis with the indicated antibodies (Blot). Positions for marker pro-
teins are indicated in kilodaltons. MW, molecular weight. C, HeLa cells
expressing HA–LGN (wt), HA–LGN (R221A/R236A), or HA–LGN-mGL1/2/3/4 at
metaphase were fixed and stained using the anti-HA (green) and anti–�-tu-
bulin (magenta) antibodies and Hoechst (blue). Scale bar, 5 �m.
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cells in the mammalian neocortex, mInsc does not drive strictly
vertical orientations (17); planar spindle orientation may be an
active process of orienting the spindle, whereas oblique and
vertical orientations may reflect a more passive result of inhib-
iting this orienting machinery (35). This mechanism may func-
tion in mInsc-expressing HeLa cells, where mInsc perturbs the
orienting machinery by decreasing cortical NuMA, leading to
oblique spindle orientation (Fig. 7).

It has been reported that, even in LGN-deficient cells, NuMA
localizes to cortical crescents during anaphase via interacting
with other proteins such as the cytoskeletal protein Band 4.1
and its related proteins or with membrane phosphoinositides
(36 –38). Since these proteins and lipids interact with NuMA at
regions other than the LGN-binding site, it seems likely that
NuMA is normally recruited to the lateral cortex even in cells
that ectopically express mInsc (wt). Unexpectedly, however,
expression of mInsc (wt) strongly inhibits cortical localization
of NuMA without impairing its localization to the two spindle
poles during anaphase in HeLa cells (Fig. 8), suggesting that
LGN plays a major role in cortical localization of NuMA in
anaphase, as well as metaphase. Furthermore, mInsc (wt) but
not mInsc (W31A/E42R) appears to retard cell cycle progres-
sion from metaphase to anaphase (Fig. 8). The role of NuMA in
this process can be highlighted here by using mInsc as a tool to
specifically inhibit cortical recruitment of NuMA; on the other
hand, because global depletion of NuMA results in early-stage
mitotic defects in mammalian cells (39 –41), it seems to be dif-
ficult to dissect the specific contribution of cortical NuMA at
the metaphase–anaphase transition.

It is presently unknown about the mechanism whereby
blockade of the LGN–NuMA interaction leads to the delay of
anaphase onset. It has been reported that LGN is required for
normal cell cycle progression (42–44) and that NuMA contrib-

utes to efficient chromosome separation but not to anaphase
initiation (45). The delay of anaphase onset in mInsc-express-
ing HeLa cells (Fig. 8) does not seem to result from mitotic
spindle misorientation, because checkpoint systems that
inhibit anaphase onset until the spindle is properly positioned
are considered to be absent (4, 36). On the other hand, a possi-
ble link of correct spindle orientation to anaphase onset has
been demonstrated (46 –49). For instance, O’Connell and
Wang (46) have reported, using unperturbed NRK (normal rat
kidney) cells, that anaphase onset is significantly delayed in cells
containing an incorrectly aligned spindle, although anaphase
can start before the spindle reaches its final position. In mitotic
HeLa cells, depletion of LIM kinase, which phosphorylates and
thereby inactivates the actin-depolymerizing protein cofilin,
perturbs cortical accumulation of LGN and mitotic spindle ori-
entation, leading to the delay of anaphase onset (48). Further
studies should be addressed to know the precise role of LGN
and NuMA in regulation of anaphase onset.

Experimental procedures

Plasmid construction

The cDNAs encoding human G�i2 (amino acids 1–355),
G�i2 with an internal Glu-Glu tag (G�i2–EE), LGN (amino
acids 1– 677), and mInsc (amino acids 1–532) were prepared as
previously described (15, 33, 50, 51), and the cDNA for human
MuMA of 2101 amino acids (52) was generous gift from Prof.
Duane A. Compton (Dartmouth Medical School, Hanover,
NH). The cDNA fragments for various regions of these proteins
were amplified by PCR using specific primers and their respec-
tive full-length cDNAs as templates. Mutations leading to the
indicated amino acid substitutions were generated by PCR-me-
diated site-directed mutagenesis. The cDNAs were ligated into

Figure 7. Exogenous mInsc inhibits cortical localization of NuMA and correct spindle orientation during metaphase. A and B, representative confocal
images of HeLa cells expressing GFP alone, GFP–mInsc (wt), or GFP–mInsc (W31A/E42R), visualized by GFP (green) and with the anti-NuMA (A) or anti-�-tubulin
(B) antibody (magenta), and Hoechst (blue). Cross-sectional Z-stack analysis (x-z) is also shown in B. White dashed lines indicate spindle axes. C, scatter diagrams
and box-and-whisker plots of metaphase spindle angles in cells expressing GFP alone, GFP–mInsc (wt), or GFP–mInsc (W31A/E42R). ***, p � 0.001 (Steel–Dwass
test). Scale bars, 5 �m; n.s., not significant.
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the following expression vectors: pGEX-6P (GE Healthcare) for
expression as glutathione S-transferase (GST)-fused proteins in
Escherichia coli; pRSFDuet-1 (Novagen) for bacterial expres-
sion of LGN proteins with an N-terminal His6 (His)-tag fol-
lowed by a rhinovirus 3C protease cleavage site or with an
N-terminal MBP-tag, a subsequent 3C protease cleavage site,
and a C-terminal His-tag (20, 23); pEGFP-C1 (Clontech) for
expression of N-terminally GFP-tagged mInsc in mammalian
cells; pEF-BOS for expression of FLAG-, Myc-, or HA-tagged
proteins in mammalian cells (53); and pcDNA3 (Thermo Fisher
Scientific) for expression of EE-tagged G�i2 in mammalian cells
(50, 51). All of the constructs were sequenced for confirmation
of their identities.

Antibodies and reagents

Anti-FLAG (M2; catalog no. F3165) and anti-�-tubulin
(TUB 2.1; catalog no. T4026) mouse monoclonal antibodies
were purchased from Sigma–Aldrich; anti-Glu-Glu (EE) mouse
mAb (catalog no. MMS-115P) from Covance; anti-Myc mouse
monoclonal (9E10; catalog no. 11 67 203 001) and anti-HA
(3F10; catalog no. 11 867 431 001) rat monoclonal antibodies
from Roche Applied Science; anti-NuMA mouse mAb (Ab-2;
catalog no. NA09L) from Calbiochem; and control mouse IgG1
from DakoCytomation (catalog no. X0931).

Cell culture and transfection with cDNA

The human embryonic kidney HEK293T cells and HeLa cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal calf serum (FCS), and MDCK II cells were cul-
tured in Eagle’s minimal essential medium with 10% FCS. The
cells were transfected with the following plasmid vectors: pEF-
BOS for expression as FLAG-, Myc-, and HA-tagged protein;
pcDNA3 for expression as EE-tagged protein; and pEGFP-C1
for expression as GFP-tagged protein. Transfection was per-
formed using X-tremeGENE HP DNA transfection reagent
(Roche Applied Science) for HEK293T and HeLa cells or using
Nucleofector (Lonza) for MDCK II cells.

Generation of MDCK cells stably expressing G�i2

MDCKII cells that stably expressed EE-tagged G�i2 (wt) were
generated, according to the method as previously described
(53). Briefly, MDCKII cells were transfected with the G�i2–EE
cDNA ligated to pcDNA3 (Thermo Fisher Scientific) using
Ronza Nucleofector and subsequently selected in the presence
of G418 (600 �g/ml).

An in vitro pulldown binding assay

The indicated C-terminal fragments of LGN were expressed
in E. coli strain BL21 (DE3) as a protein carrying both N-termi-
nal MBP and C-terminal His-tag, and purified with amylose
resin (New England BioLabs) and cOmplete His-tag purificatin
resin (Roche Applied Science). Full-length LGN proteins were
expressed as a fusion with both N-terminal MBP and C-termi-
nal His tag and purified using cOmplete His tag purification
resin, followed by cleavage of the MBP moiety with 3C PreScis-
sion protease (GE Healthcare). LGN-N (13– 414) and G�i2
(G204A) were expressed as His- or GST-fusion protein and
purified as previously described (23, 33). GST–LGN-N were
purified with glutathione–Sepharose 4B (GE Healthcare), and
MBP–NuMA and MBP–mInsc were purified with amylose
resin. These proteins were further purified by gel-filtration
chromatography using HiLoad 26/600 Superdex 200 column
(GE Healthcare).

For an in vitro binding assay, purified proteins were incu-
bated for 15 min at 4 °C in binding buffer (150 mM NaCl, 2 mM

DTT, 2 mM EDTA, 0.02% Triton X-100, and 20 mM HEPES, pH
7.4) and pulled down with amylose resin, COSMOGEL� His-
Accept (Nacalai Tesque), or glutathione-Sepharose 4B. The
precipitated proteins were then subjected to SDS-PAGE, fol-
lowed by staining with Coomassie Brilliant Blue (CBB).

Figure 8. Exogenous mInsc inhibits cortical localization of NuMA in ana-
phase and blocks mitotic progression from metaphase to anaphase. A,
representative confocal images of HeLa cells expressing GFP alone, GFP–
mInsc (wt), or GFP–mInsc (W31A/E42R), visualized by GFP (green) and with the
anti-NuMA antibody (magenta) and Hoechst (blue). B, representative confocal
images of GFP-expressing HeLa cells at different mitotic stages. The cells were
fixed and stained with the anti-�-tubulin antibody (magenta) and Hoechst
(blue). C, the mitotic index of HeLa cells expressing GFP alone, GFP–mInsc (wt),
or GFP–mInsc (W31A/E42R). The values are means � S.D. from three indepen-
dent experiments (n � 1000 cells/experiment). D, quantification of HeLa cells
expressing GFP alone, GFP–mInsc (wt), or GFP–mInsc (W31A/E42R) at differ-
ent mitotic stages. The values are means � S.D. from three independent
experiments (n � 350 cells/experiment). **, p � 0.01; and ***, p � 0.001
(Tukey–Kramer multiple comparison test). Scale bars, 5 �m.
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Immunoprecipitation and immunoblot analysis

HEK 293T cells were transfected with pEF-BOS for expres-
sion as FLAG-, Myc-, or HA-tagged protein and with pcDNA3
for expression as EE-tagged protein. Transfected cells were cul-
tured for 24 or 36 h in DMEM with 10% FCS and lysed by
sonication at 4 °C in lysis buffer (150 mM NaCl, 0.1% Triton
X-100, 1 mM DTT, 1 mM EDTA, 10% glycerol, and 50 mM

HEPES, pH 7.5) supplemented with Protease inhibitor mixture
(Sigma–Aldrich). Proteins in the cell lysate were immunopre-
cipitated using the anti-FLAG antibody (M2) and protein
G–Sepharose (GE Healthcare), as previously described (33, 41,
50, 53). The precipitants were analyzed by immunoblot with the
anti-FLAG (M2), anti-Myc (9E10), or anti-EE mAb. The blots
were developed using ImmunoStar (FUJIFILM Wako Pure
Chemical) for visualization of antibodies.

Immunofluorescent microscopy

Immunofluorescence microscopy was performed as previ-
ously described (33, 41, 51, 53). For staining of �-tubulin and
HA- and EE-tagged proteins, MDCK and HeLa cells grown on
glass coverslips were fixed for 10 min in 3.7% formaldehyde at
room temperature and permeabilized for 20 min with 0.5% Tri-
ton X-100 in PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4,
and 1.5 mM KH2PO4, pH 7.4) containing 3% BSA. For staining
of NuMA, HeLa cells were fixed for 15 min in 3.7% formalde-
hyde at 37 °C and then for 5 min in 100% methanol at �20 °C,
followed by permeabilization for 20 min in PBS containing 0.5%
Triton X-100 and 3% BSA. The samples were incubated over-
night at 4 °C with the indicated primary antibodies in PBS con-
taining 3% BSA and subsequently incubated for 45 min at room
temperature with secondary antibodies in PBS containing 3%
BSA. Immunofluorescence analysis was performed using the
following secondary antibody: Alexa Fluor 488-labeled goat
anti-rat antibodies (Thermo Fisher Scientific) or Alexa Fluor
488-labeled goat anti-mouse IgG antibodies (Thermo Fisher
Scientific). Nuclei were stained with Hoechst 33342 (Thermo
Fisher Scientific). Confocal images were captured at room tem-
perature on the confocal microscope LSM700 (Carl Zeiss) and
analyzed using ZEN (Carl Zeiss) and Fiji/ImageJ (version 2.0;
National Institutes of Health). The microscopes were equipped
with a Plan-Apochromat 63�/1.4 NA oil-immersion objective
lens or a C-Apochromat 40�/1.2 NA W Corr water-immersion
objective lens.

Measurement of the spindle angle and statistical analysis

HeLa cells were cultured in DMEM with 10% FCS, and 2.0 �
104 cells were seeded onto glass-bottomed imaging dishes
(Matsunami; catalog no. D11130H) for 6 h to adhere. The cells
were further cultured in DMEM without FCS for 18 h and sub-
sequently transfected with pEGFP-C1 encoding the GFP–
mInsc. Transfected cells were fixed for 15 min with 3.7% form-
aldehyde and subsequently permeabilized and blocked for 30
min with 0.5% Triton X-100 in PBS containing 3% BSA. Fixed
cells were incubated with the indicated antibodies and subse-
quently with Alexa-labeled secondary antibodies and Hoechst
33342. Stained metaphase cells were analyzed with a LSM 700
confocal microscope using a 63� objective lens. Mitotic spin-
dle axis angles were measured in images of x-z optimal sections

passing through the spindle poles at least three independent
experiments using the angle tool of Fiji/ImageJ software. The
data showed a non-Gaussian distribution and were statistically
analyzed using Steel–Dwass test. The criterion for statistical
significance was set up at p � 0.05. The figure panels were
arranged using ImageJ, Photoshop, and Illustrator (Adobe).

Quantification of mitotic phases and statistical analysis

HeLa cells transfected with pEGFP-C1 encoding GFP–mInsc
were grown on glass coverslips for 24 h, fixed for 15 min in 3.7%
formaldehyde at 37 °C, and permeabilized for 30 min with 0.5%
Triton X-100 in PBS containing 3% BSA. The cells were incubated
overnight at 4 °C with anti-�-tubulin antibodies and subsequently
with Alexa-labeled secondary antibodies and Hoechst 33342. The
mitotic index was calculated as the percentage of mitotic GFP-
positive cells with condensed chromatin/total GFP-positive cells,
and mitotic phases of GFP-positive cells were counted by the visual
inspection of chromatin, �-tubulin, and cell shape (54, 55). The
cells were grouped into different phases of mitosis according to the
morphology of DNA and the mitotic spindles. The data were sta-
tistically analyzed by Tukey–Kramer test, and the criterion for sta-
tistical significance was set at p � 0.05.
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