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Abstract
The tetratricopeptide repeat (TPR) motif-containing protein LGN binds multiple targets and regulates their
subcellular localizations and functions during both asymmetric and symmetric cell divisions. Here, we
characterized the interaction between LGN-TPR motifs and FERM and PDZ domain containing 1
(Frmpd1) and reported the crystal structure of the complex at 2.4 Å resolution. A highly conserved
fragment at the center of Frmpd1 of ~20 residues was found to be necessary and sufficient to bind to
LGN-TPR. This Frmpd1 fragment forms an extended structure and runs along the concave channel of
the TPR superhelix in an antiparallel manner in the complex. Structural comparisons and biochemical
studies of LGN/Frmpd1 and other known LGN/target interactions demonstrate that the LGN-TPR motifs
are versatile and capable of recognizing multiple targets via diverse binding modes. Nevertheless, a
conserved “E/QxEx4-5E/D/Qx1-2K/R” motif in LGN/Pins (partner of inscuteable) TPR binding proteins has
been identified.

© 2013 Elsevier Ltd. All rights reserved.
Introduction

A fundamental mechanism for cellular differentia-
tion and self-renewal in invertebrate and vertebrate
development is asymmetric cell division, which
requires precise orientations of mitotic spindles
along intrinsic or extrinsic polarity axes.1–5 In
Drosophila neuroblasts, a key regulator of cell
polarity and spindle orientation is Pins (partner of
inscuteable; LGN/AGS3 in mammals), which plays
roles in several crucial pathways such as the Par3/
Insc (inscuteable; mInsc in mammals)/Pins/Gαi and
the Pins/Mud (mushroom body defect; NuMA in
0022-2836/$ - see front matter © 2013 Elsevier Ltd. All rights reserve
mammals)/dynein pathways.6–11 Pins/LGN consist
of eight tetratricopeptide repeat (TPR) motifs in their
N-terminal half12–14 and three or four GoLoco motifs
(also referred to as G-protein regulatory or GPR
motifs) in the C-terminal half. Both the TPR and the
GoLoco motifs are implicated in protein–protein
interactions.15,16 Each GoLoco motif of Pins/LGN
is capable of binding to GDP-bound Gαi,7,17,18 and
this interaction is responsible for stable cortical
localization of Pins/LGN.19 The TPR motifs of Pins/
LGN have multiple binding partners. Pins/LGN
localize at the apical cortex with the Par complex
by binding to Insc/mInsc via their eight TPR
d. J. Mol. Biol. (2013) 425, 1039–1049
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motifs.6,12,20,21 This apical localized Pins/LGN re-
cruits Mud/NuMA to regulate the mitotic spindle
orientation.8–10,22

The canonical TPR motif is a 34-amino-acid
protein–protein interaction module found in multiple
copies in a wide range of proteins with diverse
functions such as cell cycle regulations, gene
transcription and splicing processes, protein traffick-
ing, and protein folding.16,23 Each TPR motif adopts
a helix–turn–helix fold, and multiple TPR motifs often
form a right-handed superhelical structure with a
continuous amphipathic groove suitable for the
recognition of target proteins. The molecular mech-
anisms governing the formations of the TPR-
mediated LGN/mInsc, Pins/Insc, and LGN/NuMA
complexes have been recently elucidated.12–14 The
TPR motifs of LGN/Pins have distinct structural
features compared to those in canonical TPR motifs.
The αA and αB helices of LGN/Pins TPRs are longer
(40 amino acids per TPR) than the corresponding
helices in the canonical TPR motifs, and the packing
geometry is also different. Although the extended
helix was also observed in other TPR proteins
before,24,25 it is first reported in LGN/Pins that
Fig. 1. Characterization of the interaction between LGN an
between various Frmpd1 fragments and LGN-TPR. (b) Seq
showing that the residues involved in contacting with LGN are
Bos taurus; c, Canis lupus familiaris. In the alignment, the abso
residues involved in the LGN interaction are indicated with
showing that GST-LGN-TPR robustly binds to Trx-Frmpd1(91
LGN-TPR and Trx-Frmpd1(912–938) formed a 1:1 stoichiome
standards are indicated at the top of the panel.
these longer helices were found to appear regularly
in tandem repeats.12–14 In the complexes, the LGN/
Pins binding fragments of mInsc/Insc and NuMA
form elongated structures and bind to the concave
channel formed by the TPR motifs. Specifically, the
NuMA fragment adopts an extended conformation,
whereas the mInsc/Insc fragments form a short
α-helix followed by an extended region. It is noted
that the LGN/Pins TPR-binding regions of NuMA and
mInsc/Insc share very low sequence identity, imply-
ing that LGN/Pins TPR motifs are structurally
versatile in binding to diverse target proteins.
FERM and PDZ domain containing 1 (Frmpd1)

was first reported as a regulatory binding partner of
AGS3, and the binding sites between AGS3 and
Frmpd1 were mapped to the eight TPR motifs of
AGS3 and a short fragment of Frmpd1 (amino acids
901–938).26 Another recent study has demonstrated
that Frmpd1 is also a LGN-TPR binder, and a 50-
residue fragment (amino acids 901–951) of Frmpd1
was suggested to bind to LGN following a similar
mode as mInsc does.14 As the TPR motifs of AGS3
and LGN are highly similar (77% sequence identity),
we assume that they bind to Frmpd1 with a more or
d Frmpd1. (a) ITC-based measurements of the bindings
uence alignment of the Frmpd1 and Frmpd4 fragments
highly conserved. h, Homo sapiens; m, Mus musculus; b,
lutely conserved amino acids are highlighted with box. The
triangles. (c) GST fusion protein-based pull-down assay
2–938). (d) Analytical gel-filtration analysis showing that
tric complex. The elution volumes of the molecular mass



Table 1. Crystallographic data and refinement statistics

Data collection
Source SSRF BL17U
Space group P6122
Unit cell parameters (Å) a=b=93.835, c=172.863
Resolution range (Å) 50.00–2.40 (2.44–2.4)
Number of unique reflections 18,332 (861)
Redundancy 13.9 (14.5)
I/σ 31 (3.9)
Completeness (%) 100.0 (100.0)
Rmerge (%)a 10.3 (77.4)

Structure refinement
Resolution (Å) 41.2–2.40 (2.53–2.40)
Rcryst

b/Rfree
c (%) 19.0 (20.4)/23.2 (27.4)

rmsd bounds (Å)/angles (°) 0.0040/0.71
Number of reflections
Working set 17,319
Test set 930
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less samemechanism. However, the structural basis
underlying the interaction between Frmpd1 and
LGN/AGS3 is not clear. In this work, we character-
ized the interaction between LGN-TPR and Frmpd1
in detail. The high-resolution crystal structure of the
LGN/Frmpd1 complex solved in this work reveals
that LGN binds to Frmpd1 following a mechanism
similar to that of NuMA but distinct from that of
mInsc. Structural comparison of known LGN/Pins
TPR/target complexes reveals the presence of a
conserved “E/QxEx4-5E/D/Qx1-2K/R” motif in LGN/
Pins TPR binding proteins. Further competition
experiments demonstrate that NuMA and Frmpd1
compete with each other in binding to LGN, whereas
mInsc can efficiently block the associations of both
Frmpd1 and NuMA with LGN.
Protein atoms/water/other atoms 2585/84/63
Average B-factord/fragment
Main chain 56.7/58.5
Side chain 60.3/61.2
Ramachandran plot (%)
Most favored regions 99.1
Additionally allowed 0.9
Generously allowed 0

Numbers in parentheses represent the value for the highest-
resolution shell.

a Rmerge=SUM(ABS(I− 〈I〉))/SUM(I), where I is the intensity of
measured reflection and 〈I〉 is the mean intensity of all symmetry-
related reflections.

b Rcryst =∑|Fcalc−Fobs|/∑Fobs, where Fobs and Fcalc are
observed and calculated structure factors, respectively.

c Rfree=∑T|Fcalc−Fobs|/∑Fobs, where T is a test data set of about
5% of the total unique reflections randomly chosen and set aside
prior to refinement.

d Refinement is processed with Phenix.refinement, and B-
factors are extracted by Phenix validation tools.
Results

The interaction between LGN and Frmpd1

We first confirmed the LGN/Frmpd1 interaction by
showing that the mouse LGN-TPR motifs (TPR0-7,
amino acids 15–350)12 bind to a human Frmpd1
fragment (amino acids 901–951)14 with a Kd~1 μM
(Fig. 1a). Sequence alignment of Frmpd1 and its
group members from different species pointed to the
presence of a highly conserved, short peptide
fragment (amino acids 912–938) within the TPR
binding site (Fig. 1b),12,14 indicating that this
fragment may be responsible for TPR binding.
Glutathione S-transferase (GST) pull-down and
isothermal titration calorimetry (ITC)-based assays
showed that Frmpd1(912–938) robustly binds to
LGN-TPR with a comparable affinity as that of the
longer Frmpd1(901–951) fragment (Kd~0.9 μM;
Fig. 1c and d), and deletion of this fragment
completely disrupted binding between LGN-TPR
and Frmpd1 (Fig. 1a), demonstrating that this 27-
residue fragment of Frmpd1 is the minimal binding
site for LGN-TPR. We further showed that LGN-TPR
and Frmpd1(912–938) form a stable 1:1 stoichio-
metric complex using analytical gel-filtration chro-
matography (Fig. 1d). Amino acid sequence analysis
reveals that this TPR-binding fragment is also
present in Frmpd4 but not in Frmpd2 or Frmpd3
(Fig. 1b).

Crystal structure of the LGN and Frmpd1
complex

To understand the molecular mechanism underly-
ing the LGN/Frmpd1 interaction, we solved the
crystal structure of the LGN-TPR/Frmpd1 (amino
acids 912–938) complex at 2.4 Å resolution
(Table 1). The structure of LGN-TPR in LGN/
Frmpd1 complex is composed of sixteen α-helices
arranged into eight sequential helix–turn–helix re-
peats (Fig. 2a and b). The entire length of LGN-TPR
is well resolved except for the eleven residues in the
loop connecting the αA and αB of TPR3 (amino acids
153–163) and the six residues at the C terminus
(amino acids 345–350). Most of the residues of the
Frmpd1 fragment are also clearly defined except for
the N-terminal eight residues (amino acids 912–919)
and the last two residues at the C terminus (amino
acids 937–938). The Frmpd1 fragment adopts an
extended conformation antiparallel occupying most
of the concave channel formed by the eight TPR
motifs (Fig. 2a and b), burying a total of 2541 Å2

surface area (Fig. 2c).
The LGN/Frmpd1 interface can be divided into two

regions based on the organization of the TPR
superhelix (Fig. 3a and b): (i) TPR0-3 and the C-
terminal half of the Frmpd1 fragment and (ii) TPR4-5
and the N-terminal half of the Frmpd1 fragment. The
binding of LGN to Frmpd1 is mainly mediated by an
extensive polar interaction network. In the region (i),
the side chains of Glu926Frmpd1 and Glu929Frmpd1
form salt bridges with Lys106LGN from α2A and
Arg136LGN from α3A, respectively. The side chains



Fig. 2. Overall structure of the
LGN/Frmpd1 complex. (a) Cylinder
representation of the LGN (green)/
Frmpd1 (yellow) complex structure
viewed from the top. (b) Ribbon
diagram representation of the LGN/
Frmpd1 complex viewed from the
side. (c) Close-up view of LGN/
Frmpd1 complex. The LGN (gray)
is shown in ribbon diagram and the
Frmpd1 fragment (yellow) is shown
in a stick-and-ball model. The Fobs−
Fcalc omit map for the Frmpd1
fragment is drawn in blue and
contoured at 3.0 σ. (d) Surface pre-
sentations of the LGN/Frmpd1 com-
p lex wi th the i r or ienta t ions
corresponding to that shown in (c).
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of Thr927Frmpd1 and Ser932Frmpd1 form hydrogen
bonds with Asn140LGN from α3A and Glu25LGN from
α0A, respectively, while the backbone amide nitro-
gens or carbonyl oxygens of the C-terminal half of
the Frmpd1 fragment (from Thr927 to Val933) form
hydrogen bonding interactions with the side chains
of Glu25, Gln60, Asn63, Lys96, Asn100, Asn103,
and Arg136 from LGN, respectively. The side chain
of Lys931Frmpd1 forms salt bridges and hydrogen
bonds with Asp81LGN from α1B, Ser55LGN from α1A,
and the backbone carbonyl oxygen of Gly93LGN from
α2A, respectively. Hydrophobic interactions be-
tween two residues from Frmpd1 (Val933 and
Ile934) and three residues from LGN (Leu18,
Leu22 from α0A, and Ile57 from α1A) also contribute
to the LGN/Frmpd1 interaction (Fig. 3a). In the region
(ii), the backbone carbonyl oxygen of Pro925Frmpd1
forms a hydrogen bond with the side chain of
Tyr139LGN from α3B. The side chain of Glu924Frmpd1
forms salt bridges with Arg221LGN from α4Β and
Arg236LGN from α5A of LGN, and the backbone
amide and carbonyl oxygen of Glu924Frmpd1 forms
two hydrogen bonds with Nδ and Oδ of Asn200LGN
from α4A. The side chain of Glu922Frmpd1 forms a
salt bridge with Arg235LGN from α5Α and a hydrogen
bond with Gln276LGN from α5B, and the backbone
amide and carbonyl oxygen of Glu922Frmpd1 forms
hydrogen bonds with Nδ and Oδ of Asn240LGN from
α5A and Asn203Nδ from α4A. There is a hydropho-
bic interaction core formed at this region as well,
including two residues from Frmpd1 (Met921 and
Met923), two residues from α3A (His146 and
Lys150), and two residues from α4A (Tyr206 and
Leu207) of LGN (Fig. 3b). We performed a series of
mutagenesis studies to validate the interactions
observed in the LGN-TPR/Frmpd1 complex struc-
ture. Disruption of the hydrogen bonds or the salt
bridge networks in the LGN/Frmpd1 interface led to
decreased or even abolished binding between LGN-
TPR and Frmpd1(912–938) (Fig. 3c and d). For
example, both substitution of E924Frmpd1 with Ala
and replacement of R221&236LGN with Ala lead to
the complete disruption of the LGN/Fmpd1 complex
formation. A significant decrease in LGN/NuMA
binding was observed when E922Frmpd1,
E929Frmpd1, K931Frmpd1, or K96&R135LGN was
substituted with Ala (Fig. 3c and d). Noted that the
above-selected mutation sites in LGN, especially for
the R221 site, play a pivotal role for high-affinity
binding between LGN/Pins and its targets mInsc/

image of Fig.�2
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Insc, or NuMA.12–14 Importantly, amino acid se-
quence alignment analysis reveals that most of the
key residues involved in the LGN/Frmpd1 interaction
are evolutionary conserved, indicating that the LGN/
Frmpd1 interaction mode observed here can be
extended to corresponding interactions in other
species (Fig. 1b and Ref. 12).
Fig. 3. The interaction interface of the LGN/Frmpd1 comp
corresponding to LGN-TPR0-3/Frmpd1_C (a) and LGN-TPR4-
Frmpd1 in the two parts are shown in stereoview. The side cha
are drawn in stick model. Charge–charge and hydrogen bond
Analytical gel-filtration analysis showing the bindings of LGN-T
volumes of the molecular mass standards are indicated at the
and its selected mutants to various Frmpd1(912–938) fragme
Comparison with the known LGN/Pins TPR/
target complex structures

To find out the target recognition mode of LGN-
TPR, we compared the structures of the LGN/
Frmpd1, LGN/NuMA, LGN/mInsc, and its Drosophila
counterpart Pins/Insc complexes. The conformations
lex. The LGN/Frmpd1 interface is divided into two parts
7/Frmpd1_N (b). The interaction details between LGN and
ins of the residues involved in the interdomain interactions
ing interactions are highlighted by broken lines in cyan. (c)
PR and its mutants with Trx-Frmpd1(912–938). The elution
top of the panel. (d) Summary of the bindings of LGN-TPR
nts derived from the ITC-based measurements.

image of Fig.�3


Fig. 4. Comparison of the LGN/Frmpd1, LGN/NuMA, LGN/mInsc, and Pins/Insc complex structures. (a) Worm diagram
representation showing the superposition of the TPR and fragments, respectively, from the LGN (green)/Frmpd1 (yellow),
LGN (cyan)/NuMA (cyan) (PDB ID: 3RO2), LGN (red)/mInsc (red) (PDB ID: 3SF4), and Pins (blue)/Insc (blue) (PDB ID:
4A1S) complexes. (b) Structure-based sequence alignment of the LGN/Pins TPR-binding fragments from Frmpd1, NuMA,
mInsc, and Insc revealing the conserved “E/QxEx4-5E/D/Qx1-2K/R” sequence highlighted in yellow. In the alignment, the
absolutely conserved amino acids are highlighted in red, and the highly conserved residues are in green. The residues
responsible for TPR binding are indicated with triangles in Frmpd1, circle in NuMA, black pentacle in mInsc, and orange
pentacle in Insc. (c–f) Comparison of the LGN/Frmpd1 (c), LGN/NuMA (d), LGN/mInsc (e), and Pins/Insc (f) interaction
interfaces. A selected set of amino acid residues, which are in the interdomain interfaces and share similar positions in
these complexes, are drawn in the stick model. For clearance, the residues 15–49 in LGN and residues 41–75 in Pins are
removed from the figure.
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of TPRs in the four complexes are highly similar, and
the binding sites of the four TPR-binding fragments
on LGN/Pins TPRs are partially overlapped (Fig. 4a).
All the fragments run antiparallel to LGN/Pins TPRs
and align well with the axis of the TPR superhelix. Of
the four LGN/Pins TPR-binding fragments, both
mInsc and Insc contain an N-terminal α-helix that
extensively interacts with TPR5-7 of LGN/Pins.12,14

Importantly, this N-terminal α-helix and TPR5-7
interaction accounts for the majority of the binding
energy between mInsc and LGN.12,14 The mIn-
sc(Insc)/TPR interaction is further strengthened by
the packing between theC-terminal part of themInsc/
Insc fragment and TPR0-5. This C-terminal exten-
sion of mInsc is missing in our previous mInsc/LGN
complex structure.12 It is noted that residues in the β2
strand of the mInsc fragment are not conserved in
Insc, and the corresponding α–loop–β1 region in Insc
is sufficient for binding to Pins TPR with high
affinity.13 Thus, the β1–loop–β2 module might only
exist in mInsc rather than its Drosophila homologue.
The NuMA and Frmpd1 fragments, as well as the C-
terminal part of the Insc fragments, form extended
structures and contact with TPR0-5 through numer-
ous charge–charge interactions as well as a few
hydrophobic interactions (Fig. 3a and b).12,13

A close-up view of the interfaces of the four
complexes reveals that several charge–charge
interaction pairs are highly conserved. For
example, the Arg235LGN–Glu922Frmpd1 and Arg221,
Arg236LGN–Glu924Frmpd1 salt bridges are conserved
in all the four complexes, although the Glu922Frmpd1
is replaced by Gln1894NuMA in the LGN/NuMA
complex (Fig. 4c–f). In addition, the Arg221,

image of Fig.�4


1045Structure of the LGN/Frmpd1 Complex
Arg236LGN–Glu924Frmpd1 salt bridge is critical for
high-affinity complex formation between LGN/Pins
TPRs and its targets (Fig. 3c and d).12–14 Based on
the structure comparison of the four complexes, a
new structure-based sequence alignment of the four
LGN-TPR-binding fragments has been made
(Fig. 4b), indicating a consensus “E/Q-x-E” triad as
a core binding motif. The backbone conformations of
the four fragments at this consensus “E/Q-x-E” triad
Fig. 5. Characterization of the interaction of Frmpd1, NuM
profile of the LGN-TPR/Trx-Frmpd1(912–938)/NuMA(1808–1
elution profiles of LGN-TPR/Trx-Frmpd1(901–938) and LGN-T
are also shown. The elution volumes of the molecular size mark
analysis of the protein components of the eluted peak of the LG
in (a). The elution peak was collected with 0.3 ml/fraction, and n
to 14.7 ml were analyzed by SDS-PAGE. (c) Sub-stoichiomet
other for binding to LGN. In this experiment, the amounts of G
5 μM, and the concentrations of NuMA were gradually increa
complexes were assayed using the GSH-coupled Sepharose
profile of the LGN-TPR/Trx-Frmpd1(912–938)/mInsc(1–80) m
profiles of LGN-TPR/Trx-Frmpd1(912–938) and LGN-TPR/mIn
The elution volumes of the molecular size markers are indicate
protein components of the eluted peak of the LGN-TPR/Trx-F
peak was collected with 0.4 ml/fraction, and seven fractions co
analyzed by SDS-PAGE. (f) Dose-dependent binding competiti
in binding to LGN-TPR. In this experiment, the total amounts of
concentrations of mInsc were gradually increased. The same
assay the formations of the LGN/Frmpd1 or LGN/mInsc comp
are also highly similar (Fig. 4a). The salt bridge of
Arg136LGN–Glu929Frmpd1 in a way is conserved in all
the four complexes: the Glu929Frmpd1 is replaced by
Asp1902NuMA and Gln330Insc in the LGN/NuMA and
Pins/Insc complexes, respectively; in the LGN/mInsc
complex, the Arg136LGN forms salt bridge with
Asp61mInsc from β2 instead of Gln48mInsc (corre-
sponding to Gln330Insc) from β1. These interactions
have been shown to strengthen the LGN/Frmpd1 or
A, and mInsc with LGN. (a) Analytical gel-filtration elution
912) mixture at a 1:2:2 molar ratio. For comparison, the
PR/NuMA(1808–1912) mixtures each at a 1:2 molar ratio
ers are indicated by arrowheads at the top. (b) SDS-PAGE
N-TPR/Trx-Frmpd1(912–938)/NuMA(1808–1912) mixture
ine fractions corresponding to the elution volumes from 12
ric amounts of Frmpd1 and NuMA can compete with each
ST-LGN-TPR and Trx-Frmpd1 in each assay were fixed at
sed. The formations of the LGN/Frmpd1 and LGN/NuMA
beads pull-down assay. (d) Analytical gel-filtration elution
ixture at a 1:2:2 molar ratio. For comparison, the elution
sc(1–80) mixture each at a 1:2 molar ratio are also shown.
d by arrowheads at the top. (e) SDS-PAGE analysis of the
rmpd1(912–938)/mInsc(1–80) mixture in (d). The elution
rresponding to the elution volumes from 12 to 14.8 ml were
on experiment showing that mInsc dominates over Frmpd1
GST-LGN-TPR and Trx-Frmpd1 were fixed (5 μM), and the
GSH-Sepharose beads pull-down experiment was used to
lexes.

image of Fig.�5
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LGN/NuMA packing (Fig. 3c and d).12 Another
conserved TPR/target packing force is the Ser55,
Asp81LGN–Lys931Frmpd1 hydrogen bonds that are
also present in the LGN/mInsc and Pins/Insc
complexes; in LGN/NuMA complex, the R1905NuMA
(corresponding to Lys931Frmpd1) makes hydrogen
bond with Ser59LGN instead of Ser55LGN. Further-
more, the salt bridge of Lys106LGN–Glu926Frmpd1
contributing to TPR/target binding is also present in
the LGN/NuMA complex, but neither in LGN/mInsc
nor in Pins/Insc (Fig. 4c–f). Interestingly, the back-
bone conformation of NuMA fragment deviates from
the other three at Leu1900NuMA and more or less
overlaps with the β2 strand of mInsc (Fig. 4a).
Although NuMA has the similar key residues for
TPR binding C-terminal to Leu1900 (e.g., D1902 and
R1905), the NuMA sequence at this region is longer
than the other three proteins (Fig. 4b). Thismay result
in the different backbone conformation of NuMA.
Overall, based on the above structural and sequence
analysis of these four complexes, an extended
consensus sequence motif of LGN/Pins TPR binding
targets can be summarized as “E/QxEx4-5E/D/
Qx1-2K/R”, where x denotes any amino acids (Fig. 4b).
Comparisons of the bindings of Frmpd1, NuMA,
and mInsc to LGN-TPRs

To examine whether Frmpd1 can bind to LGN in
the presence of NuMA or mInsc, we characterized
the LGN/Frmpd1 complex formation with and without
the presence of NuMA or mInsc using the analytical
gel-filtration and pull-down-based competition as-
says. When LGN-TPR was incubated with both
Frmpd1 and NuMA at a 1:2:2 molar ratio, analytical
gel-filtration analysis showed that the mixture had an
elution volume between those of the TPR/Frmpd1
and TPR/NuMA complexes, indicating the presence
of a mixture of both TPR/Frmpd1 and TPR/NuMA
complexes in the solution (Fig. 5a). The SDS-PAGE
analysis of the elution peak for the LGN-TPR/
Frmpd1/NuMA mixture confirmed the above conclu-
sion (Fig. 5b). In vitro competition experiments
further showed that addition of increasing amounts
of NuMA can effectively compete with Frmpd1 for
binding to LGN (Fig. 5c), consistent with the fact that
Frmpd1 and NuMA binds to LGN in a highly similar
mode (Fig. 4c and d and Ref. 12).
As mInsc has been shown to have a priority over

NuMA in binding to LGN, we next tested whether
mInsc can also displace Frmpd1 from LGN. When
LGN-TPR was incubated with both mInsc and
Frmpd1 at a 1:2:2 molar ratio, no detectable ternary
complex was formed (Fig. 5d and e). Competition
experiments further showed that 1:1 stoichiometric
amount of mInsc can effectively displace Frmpd1
from LGN (Fig. 5f). This result indicates that the
interaction between Frmpd1 and LGN can also be
disrupted by mInsc as that between NuMA and
LGN.12 This can be rationalized by the crystal
structures of LGN/Pins in complex with various
targets, in which Insc/mInsc contain a high-affinity
LGN-TPR5-7 binding α-helix in addition to the
extension sequence binding to LGN TRP0-5 com-
mon for all the LGN-TPR binding partners known so
far.
Discussion

In asymmetric cell division, LGN/Pins plays an
essential role in orienting the mitotic spindle along
the axis of cell polarity, and the functions of LGN/
Pins are executed mainly by its protein–protein
interacting modules, the N-terminal TPR motifs,
and the C-terminal GoLoco motifs. Each of the
GoLoco motifs from LGN/Pins is capable to bind to
GDP-bound Gαi for cortical localization of the
protein, and both LGN and Pins have diverse TPR
binding partners that influence their subcellular
location in cell division (i.e., LGN/NuMA,12,18,22

Pins/Mud,8,9 LGN/mInsc,12,27 Pins/Insc,6,17 and
LGN/Lgl228). The LGN/Frmpd1 interaction charac-
terized in this work is another example of TPR-motif-
mediated target recognition. Frmpd1 binds to LGN-
TPR with a similar mode as NuMA does. Although
the functions of Frmpd1 have not been well defined,
it is recently reported as a regulatory binding partner
of AGS3 and influences its subcellular location.26

Frmpd1 interacts with the TPR motifs of AGS3 and
thus stabilizes the population of the protein in the
membrane fraction. Taking into account of the high
similarity of the TPR motifs from LGN and AGS3
(77% sequence identity), the LGN/Frmpd1 interac-
tion characterized in this work might provide another
molecular mechanism in regulating the subcellular
positioning of LGN.
Together with the recently reported LGN/mInsc,

LGN/NuMA, and Pins/Insc complex structures, the
LGN/Frmpd1 complex structure solved in this work is
the fourth case of LGN/Pins TPR/target interaction.
These four complex structures reveal the target
recognition specificity and versatility of LGN/Pins
TPRs. The tandem array of eight TPR motifs forms a
versatile platform for target binding. The four
complexes show two distinct regions of target
binding in the LGN/Pins TPR motifs: TPR5-7
uniquely recognizes the N-terminal α-helix of
mInsc/Insc, and TPR0-5 binds the extended struc-
tures of NuMA, mInsc, Insc, and Frmpd1 with a
similar binding mode. The binding of mInsc/Insc
fragment covers both regions of TPR motifs and can
be viewed as a typical two-site binding. The LGN/
NuMA and LGN/Frmpd1 interaction, however, only
involves the second target recognition region of
TPR0-5. These structures also allow us to obtain a
more accurate sequence alignment of the TPR
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binding partners, giving a consensus TPR0-5 recog-
nition sequence of “E/QxEx4-5E/D/Qx1-2K/R”. It is
worth noting that LGN/Pins TPRs are flexibly
designed to recognize this sequence motif. For
example, NuMA has more intervening residues
than the other three fragments and adopts slightly
different backbone conformation, while mInsc uses
the β2 strand to complement the TPR interactions.
Therefore, we can envision that the TPR motifs of
LGN/Pins serve as a versatile platform for protein–
protein interaction that can recognize a wide spec-
trum of binding partners. These two binding modes
distinguish mInsc/Insc from Frmpd1 and NuMA in
binding to LGN-TPRs, and as shown in the compe-
tition experiments, mInsc can effectively disrupt the
binding of NuMA or Frmpd1 to LGN.12,14 Although
the LGN/Pins binding partner that targets only the
TPR5-7 binding site has not been discovered so far, it
is reasonable to speculate that proteins with similar
sequence motif as the N-terminal α-helix of Insc/
mInsc are potential binding partners of LGN/Pins.
Materials and Methods

Protein expression and purification

The human Frmpd1 fragments [Frmpd1(901–938),
Frmpd1(912–938), and Frmpd1(939–951)], the mouse
LGN-TPR motifs (LGN-TPR, amino acids 15–350), the
mouse Insc N-terminal fragment [mInsc(1–80)], and the
human NuMA C-terminal fragment [NuMA(1808–1912)]
were individually cloned into a modified version of pET32a
vector. The resulting proteins each contained a Trx tag in
their N termini. All the mutations used in this study were
created using the standard PCR-based mutagenesis
method and confirmed by DNA sequencing. Recombinant
proteins were expressed in Escherichia coli BL21 (DE3)
host cells at 16 °C and were purified by using a Ni2+-NTA
agarose affinity chromatography followed by size-exclu-
sion chromatography. The N-terminal Trx-tagged frag-
ments of LGN-TPR were cleaved by digesting the fusion
protein with protease 3C, and the proteins were purified by
another step of size-exclusion chromatography. For
crystallization, freshly purified Trx-tagged LGN-TPR and
Trx-tagged Frmpd1(912–938) were mixed at a 1:2 molar
ratio, and the complex was purified using size-exclusion
chromatography. The N-terminal Trx-tagged fragments
were then cleaved by digesting the fusion protein complex
with 3C protease, and the LGN/Frmpd1 complex was
purified by another step of size-exclusion chromatography.
For in vitro biochemical analysis, the LGN-TPR were
expressed as the GST-fused protein and purified by GSH-
Sepharose affinity chromatography.

Crystallography

Crystals of LGN/Frmpd1 complex were obtained by the
hanging-drop vapor diffusion method at 18 °C. Freshly
purified LGN/Frmpd1 complex was concentrated to
0.5 mM and then set up in hanging drop with equal
volumes of 0.2 M NaCl, 0.1 M 2-[bis(2-hydroxyethyl)
amino]-2-(hydroxymethyl)propane-1,3-diol (pH 6.5), and
25% w/v polyethylene glycol 3350. The diffraction data of
crystals were collected at Shanghai Synchrotron Radiation
Facility (SSRF) BL17U. The phase problem was solved by
molecular replacement using the LGN/NuMA structure
[PDB (Protein Data Bank) ID: 3RO2] as the search model
with Phaser29 against the 2.4-Å resolution data set. Then,
anisotropic refinement was applied using SHELXL.30

Further manual model building and adjustment were
completed using Coot.31 The final refinement statistics
are summarized in Table 1.

ITC measurements

ITC measurements were performed on an ITC200
microcalorimeter (MicroCal) at 18 °C. All protein samples
were dissolved in a buffer containing 50 mM Tris (pH 8.0),
100 mM NaCl, and 1 mM ethylenediaminetetraacetic acid
(EDTA). The titration was carried out by injecting 40-μl
aliquots of various Trx-Frmpd1 fragments (0.35 mM) into
LGN-TPR (0.04 mM) at time intervals of 2 min to ensure
that the titration peak returned to the baseline. The titration
data were analyzed using the program Origin7.0 and fitted
by the one-site binding model.

GST pull-down assay

For GST pull-down assay, GST or GST-tagged proteins
(3 μM for the final concentration) were first loaded to 50-μl
GSH-Sepharose 4B slurry beads in a 500-μl assay buffer
containing 50 mM Tris (pH 8.0), 100 mM NaCl, 1 mM DTT,
and 1 mM EDTA. The GST fusion protein loaded beads
were then mixed with potential binding partners (6 μM for the
final concentration), and the mixtures were incubated for 2 h
at 4 °C. After three times washing, the proteins captured by
affinity beads were eluted by boiling, resolved by 15% SDS-
PAGE, and detected by Coomassie blue staining.

Analytical gel-filtration chromatography

Analytical gel-filtration chromatography was carried out
on an AKTA FPLC system (GE Healthcare). Proteins were
loaded onto a Superose 12 10/300 GL column 20 (GE
Healthcare) equilibrated with a buffer containing 50 mM
Tris (pH 8.0), 100 mM NaCl, 1 mM DTT, and 1 mM EDTA.
The loading concentration of LGN-TPR was fixed at
15 μM, and the concentrations of other proteins were
specifically indicated.

Accession number

The atomic coordinates of LGN/Frmpd1 complex have
been deposited in the PDB with accession number 4G2V.
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