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The partially disordered Chibby (Cby) is a conserved nuclear protein that antagonizes the
Wnt/β-catenin signaling pathway. By competing with the Tcf/Lef family proteins for binding
to β-catenin, Cby abrogates the β-catenin-mediated transcription of Wnt signaling genes.
Additionally, upon phosphorylation on S20 by the kinase Akt, Cby forms a complex with
14-3-3 to facilitate the nuclear export of β-catenin, which represents another crucial mechanism for the regulation of Wnt signaling. To obtain a mechanistic understanding of the 14-3-3/
Cby interaction, we have extensively characterized the complex using X-ray crystallography,
nuclear magnetic resonance (NMR) spectroscopy, and isothermal titration calorimetry (ITC).
The crystal structure of the human 14-3-3ζ/Cby protein-peptide complex reveals a canonical
binding mode; however the residue at the +2 position from the phosphorylated serine is
shown to be uniquely oriented relative to other solved structures of 14-3-3 complexes. Our
ITC results illustrate that although the phosphorylation of S20 is essential for Cby to recognize
14-3-3, residues flanking the phosphorylation site also contribute to the binding affinity. However, as is commonly observed in other 14-3-3/phosphopeptide crystal structures, residues of
Cby flanking the 14-3-3 binding motif lack observable electron density. To obtain a more detailed binding interface, we have completed the backbone NMR resonance assignment of
14-3-3ζ. NMR titration experiments reveal that residues outside of the 14-3-3 conserved binding cleft, namely a flexible loop consisting of residues 203-210, are also involved in binding
Cby. By using a combined X-ray and NMR approach, we have dissected the molecular basis
of the 14-3-3/Cby interaction.

Introduction
Chibby (Cby) is a small (14.5 kDa), highly conserved protein that functions as a Wnt/β-catenin
signaling antagonist [1]. While the Wnt pathway plays crucial roles in cell proliferation and differentiation, embryonic development and tissue homeostasis, its dysregulation contributes to
the pathogenesis of an array of human disorders, including cancer [2,3]. Because of this,
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pharmacological modulation of the pathway has great therapeutic potential for disease treatments [4,5,6,7].
Activation of the Wnt pathway promotes the stabilization of the transcriptional co-activator
β-catenin within the cytoplasm, allowing it to translocate to the nucleus and bind to TCF/LEF
(T cell factor/lymphoid enhancer factor) transcription factors to activate Wnt target genes
[8,9,10,11]. Multiple regulatory strategies employed by the cell focus on various stages of the
Wnt pathway [12], with β-catenin being a focal point. Cby is one such regulatory protein, suppressing β-catenin-mediated signaling via two distinct molecular mechanisms. First, in the nucleus, it competes with the TCF/LEF transcription factors for binding to β-catenin [1].
Secondly, Cby facilitates β-catenin export from the nucleus in conjunction with the proteins
14-3-3 and the nuclear export receptor chromosomal region maintenance 1 (CRM1) [13,14].
In this mode of regulation, Cby forms a stable trimolecular complex with 14-3-3 and β-catenin
[13]. Interestingly, binding of 14-3-3 to Cby also leads to an enhanced interaction between Cby
and CRM1, promoting nuclear exclusion of Cby-bound β-catenin [14].
The ability of the 126-residue human Cby to function as a scaffold protein likely arises from
its partially disordered nature. It is well documented that intrinsically disordered proteins bind
to multiple targets by adopting different conformations or via linear motifs located at different
regions in the proteins [15,16,17]. Previous work has shown that Cby consists of an unstructured N-terminus and contains a coiled-coil motif within its C-terminus (residues 73–100) that
enables dimerization [18,19]. Cby uses its C-terminus to bind to β-catenin [1], although residues critical for this interaction have yet to be elucidated. 14-3-3 recognizes the motif 16RKSA
(pS)LS22 located in the disordered N-terminus of Cby, when the serine 20 residue is phosphorylated by the kinase Akt [13]. In this manner, N- and C-terminal binding modules on Cby
work together to facilitate the nuclear export of β-catenin; however, how Cby forms such complexes from a structural standpoint remains unknown. Our work here focuses on elucidating
the binding mode between Cby and 14-3-3.
The 14-3-3 proteins, which consist of seven isoforms in mammals (β, ε, η, γ, τ, z and σ),
function as adaptor molecules and are involved in a large range of cellular processes, including
apoptosis, DNA damage response and transcriptional regulation [20]. Structurally, the ~30
kDa 14-3-3 proteins assemble into homo- or heterodimers, with each monomer composed of
nine anti-parallel alpha-helices (αA-αI) [21]. An amphipathic groove composed of helices αC,
αE, αG, and αI comprise the ligand-binding interface. Generally, 14-3-3 isoforms recognize
three consensus binding motifs: RXX(pS/pT)XP (mode I), RXXX(pS/pT)XP (mode II) and
(pS/pT)X1-2-COOH (mode III) where pS/pT represents phosphorylated serine/threonine
[22,23]. However, there are several 14-3-3 binding partners that deviate significantly from
these canonical motifs, including examples of non-phosphorylated partners [24,25].
With hundreds of binding partners discovered to date [26], the 14-3-3 proteins are classified
as signaling hub proteins. Interestingly, many well-structured hub proteins are found to preferentially bind to unstructured proteins [15]. In fact, the vast majority of 14-3-3 binding motifs are either found or predicted to be within disordered regions [27,28]. While this is due in large part to
the phospho-dependence of 14-3-3 interactions, as kinases predominantly target unstructured regions for phosphorylation [29], the structural plasticity of 14-3-3 binding motifs and their neighbouring residues allows 14-3-3 proteins to target many different proteins with high specificity.
14-3-3 targets are hypothesized to bind to 14-3-3 via primary and secondary interactions
(discussed by Yang et al. [21]). The primary interactions are made between the 14-3-3 binding
motif (including the pS/pT residue) of the target and a conserved binding groove in the 14-3-3
protein. Secondary interactions occur when residues flanking the target’s 14-3-3 binding-motif
contact regions outside of the conserved 14-3-3 binding groove. While various crystal structures of 14-3-3 complexes have been solved, the majority of them have been co-crystallized
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with short peptides. Observable electron density is typically only present for 4–10 residues
flanking the phosphorylated residue of the target peptide. While this provides a structural basis
for the primary contacts of the interaction, information regarding the secondary contacts is
limited. To date, only one (nearly) full-length, globular partner has been co-crystallized with
14-3-3 [30].
The disordered Cby is able to interact with at least three of the seven 14-3-3 isoforms (ε, η
and z) [13]. Its 14-3-3 binding motif (16RKSA(pS)LS22) closely resembles the mode II motif
(RXXX(pS/pT)XP), the difference being that Cby contains a serine instead of proline at the +2
position from the phosphoserine. It is noteworthy that even though proline is found to be the
+2 residue in ~ 50% of known 14-3-3 binding motifs, serine is in fact the second most commonly found amino acid at that position [25]. To our knowledge, no 14-3-3/phosphopeptide
structure with serine as the +2 residue has been determined to date.
In this work, the crystal structure of 14-3-3z in complex with an 18-residue phosphorylated
Cby-derived peptide was solved to reveal the primary binding interactions. Secondary interactions between 14-3-3 and the Cby peptide were further investigated by using nuclear magnetic
resonance (NMR) spectroscopy and isothermal titration calorimetry (ITC). By combining the
X-ray and NMR techniques, we were able to obtain additional molecular details of the binding
interface of Cby on 14-3-3. Notably, the backbone assignment of 14-3-3z completed in this
work will also facilitate mapping of regions on the 14-3-3z surface that are involved in binding
other targets.

Results
Phosphorylation of serine 20 on Cby is critical for its binding to 14-3-3ζ
A previous study by Li et al. [13] showed that S20 of Cby is essential for its interaction with
14-3-3, with the binding being regulated by the phosphorylation of this serine residue. To quantitatively assess the importance of the phosphorylation of S20 to the complex formation with
14-3-3z, we have used ITC to measure the affinities of a Cby peptide (12KTPPRKSASLSNL24)
encompassing the 14-3-3 binding motif, in both its non-phosphorylated and phosphorylated
forms, to 14-3-3z. The same peptides containing the phospho-mimetic mutants S20D and S20E
were also included in this study. Our data show that only the phosphorylated Cby peptide was
able to interact with 14-3-3z (KD ~ 15 μM, Table 1), while the other three peptides display no
observable binding (S1 Fig). Importantly, the phospho-mimetic mutations were unable to rescue the binding, indicating that the Cby/14-3-3z association is driven by the phosphate group
on S20.

Flanking residues of the consensus 14-3-3 binding motif play important
roles in the Cby/14-3-3ζ association
Next, we assessed the contributions of residues flanking the consensus 14-3-3 binding motif of
Cby to the interaction with 14-3-3z. The results of our ITC measurements show that a 7-mer
Cby peptide (16RKSA(pS)LS22) comprising the minimal 14-3-3 binding motif bound to 14-3-3z
with a KD of ~44 μM (Table 1, S2 Fig). Interestingly, phosphopeptides of increasing length exhibit a systematic increase in binding affinity to 14-3-3z (the results are summarized in Table 1
and the thermograms are shown in S2 Fig). First, a Cby 11-mer peptide which contains 4 additional residues (12KTPP15) than the Cby 7-mer peptide (16RKSA(pS)LS22) bound with more
than two-fold greater affinity than the Cby 7-mer, with a KD of ~18 μM. A Cby 13-mer, with a 2
residue C-terminal extension to the 11-mer (23NL24), bound with only slightly higher affinity,
with a KD of ~15 μM. Lastly, an 18-mer, which contains a five-residue C-terminal extension to
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Table 1. Thermodynamic parameters for the binding of phosphorylated Cby peptides to 14-3-3.
14-3-3 construct in ITC
Cell

Peptide

na

Kdb
(10-6 M)

ΔHb
(kcal/mol)

TΔSb
(kcal/mol)

ΔGb
(kcal/mol)

Cby 7-mer16RKSA(pS)LS22

1.01

43.5 ± 1.9

-3.35 ± 0.06

2.60

-5.95 ± 0.03

Cby 11-mer12KTPPRKSA(pS)LS22

0.95

17.5 ± 0.6

-3.26 ± 0.02

3.23

-6.49 ± 0.02

Cby 13-mer12KTPPRKSA(pS)LSNL24

1.00

14.5 ± 0.6

-2.63 ± 0.02

3.97

-6.60 ± 0.02

Cby 18-mer12KTPPRKSA(pS)LSNLHSLDR29

0.96

4.6 ± 0.2

-4.35 ± 0.05

2.93

-7.28 ± 0.03

Cby 7-mer S22P16RKSA(pS)LP22

1.03

2.9 ± 0.05

-6.16 ± 0.01

1.39

-7.55 ± 0.01

Cby 13-mer S22P12KTPPRKSA(pS)LPNL24

1.06

1.1 ± 0.03

-4.64 ± 0.01

3.49

-8.13 ± 0.02

Cby 18-mer S22P12KTPPRKSA(pS)
LPNLHSLDR29

1.05

0.36 ± 0.01

-8.03 ± 0.02

0.76

-8.79 ± 0.02

Cby 18-mer L24A12KTPPRKSA(pS)
LSNAHSLDR29

0.99

21.3 ± 1.7

-1.56 ± 0.05

4.81

-6.37 ± 0.05

Cby 18-mer WT12KTPPRKSA(pS)
LSNLHSLDR29

1.01

3.8 ± 0.3

-4.16 ± 0.05

3.23

-7.39 ± 0.05

Cby 18-mer S22P12KTPPRKSA(pS)
LPNLHSLDR29

1.07

1.9 ± 0.2

-7.13 ± 0.03

0.67

-7.80 ± 0.06

Cby 13-mer12KTPPRKSA(pS)LSNL24

0.99

14.9 ± 0.9

-2.08 ± 0.03

4.50

-6.58 ± 0.04

Cby 18-mer12KTPPRKSA(pS)LSNLHSLDR29

1.04

6.8 ± 0.4

-3.35 ± 0.06

3.70

-7.05 ± 0.03

14-3-3ζ

14-3-3ζ K49A

14-3-3ζΔC12

A duplicate set of experimental values for all ITC experiments is reported in S1 Table.
Binding stoichiometry of monomeric 14-3-3 and Cby peptide.

a

Kd is the dissociation constant ΔH, ΔS and ΔG are the change in enthalpy, entropy and Gibbs free energy upon binding at T = 298.15 K, respectively.

b

doi:10.1371/journal.pone.0123934.t001

the 13-mer (25HSLDR29), bound with nine-fold greater affinity compared to the 7-mer, with a
KD of ~5 μM. The results clearly indicate that residues flanking the binding-motif on Cby play
significant roles in mediating the interaction with 14-3-3z.

Molecular basis of the interaction between 14-3-3ζ and the noncanonical mode II binding-motif of Cby
We used X-ray crystallography to elucidate the molecular basis of the 14-3-3z/Cby interaction. Purified 14-3-3z protein was co-crystallized with the phosphorylated Cby 18-mer
(12KTPPRKSA(pS)LSNLHSLDR29) and diffraction data were collected to a resolution of 2.41
Å (Table 2). The 14-3-3z protein, which crystallized as the typical cup-shaped dimer [20],
has the Cby peptide bound in an extended conformation to each 14-3-3 monomer (Fig 1A).
The dimer comprises the asymmetric unit of the crystal, and the visible electron density was
slightly more extensive for the peptide bound to the B-chain of the dimer. Thus, of the 18 residues in the Cby peptide, eight residues, 18SA(pS)LSNLH25, were resolved in the peptide
bound to the 14-3-3 B-chain (Fig 1B) and seven residues, 18SA(pS)LSNL24, for that bound to
the 14-3-3 A-chain (not shown). Both bound peptides adopted similar conformations and
made the same interactions with the 14-3-3 protein. The lack of observable electron density
for the remaining residues suggests that they remain flexible within the complex.
The overall structural features of the 14-3-3z/Cby complex are similar to that of other
14-3-3z/phosphopeptide complexes. The Cby peptide occupies the conserved binding groove
of 14-3-3 with the same orientation as other phosphopeptides previously characterized. The
hydrogen bonding potential of the phosphate group on pS20 is fully realized, with two
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Table 2. Crystallographic data collection and refinement statistics.
Data Collection
Wavelength (Å)

1.54179

Cell Parameters
a, b, c (Å)

70.83, 71.96, 130.99

Space group

P212121

Resolution (Å)

65.49–2.41 (2.53–2.41)

Total reﬂections

139,670 (16,075)

Unique reﬂections

26,474 (3445)

Rmerge

0.072 (0.516)

Completeness (%)

98.4 (89.5)

Multiplicity

5.3 (4.7)

I/σ(I)

13.9 (3.2)

Reﬁnement
Rwork/Rfree (%)

0.203/0.256

RMSD from ideal values
Bonds (Å)

0.008

Angles (°)

1.12
2

Overall mean B values (Å )
Protein

21.71

Peptide

26.69

Solvent

19.22

Number of amino acid residues per asymmetric unit

464

Number of water molecules

147

Ramachandran plot
Favoured regions (%)

98

Allowed regions (%)

1.8

Disallowed regions (%)

0.2

Cβ deviations greater than 0.25 Å

0

Values in parentheses refer to the highest resolution shell.
doi:10.1371/journal.pone.0123934.t002

hydrogen bonds made to each of R56 and R127, and another hydrogen bond to the side-chain
hydroxyl of Y128 (Fig 1C); 3 water molecules and the side chain of Cby-S22 mediate four additional hydrogen bonds to the phosphate oxygens. Thus, each of the phosphate oxygens has 3
hydrogen bonding partners positioned in an ideal tetrahedral arrangement, explaining why
mutation of S20 to D or E fails to promote high affinity binding of Cby to 14-3-3z. The peptide
is further coordinated by hydrogen bonds between the side-chain of 14-3-3z-N224 with the
backbone nitrogen and carbonyl of Cby-A19, the carboxamide of 14-3-3z-N173 to the backbone nitrogen of Cby-L21, and the side-chain of either E180 (chain-C) or W228 (chain-D) of
14-3-3z to the hydroxyl group on the side-chain of Cby-S18. Intra-chain contacts exist within
the Cby peptide as well. On chain-D of the model, consisting of residues 18SA(pS)LSNLH25,
the pS20 amide is hydrogen bonded to the N23 side-chain, the phosphate group itself on S20
hydrogen bonds with the hydroxyl group on the S22 side-chain, the pS20 carboxyl contacts
both the amide and the side-chain of N23 and the carboxyl of L21 contacts the amide of L24.

An S22P mutation to Cby enhances its interaction with 14-3-3ζ
As mentioned, Cby comprises a serine (S22) in the +2 position to the phosphoserine, as opposed to the canonical proline. A comparison between the 14-3-3z/Cby structure with other
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Fig 1. (A) Crystal structure of the 14-3-3ζ /Cby 18-mer complex. Each 14-3-3ζ monomer (coloured orange and blue) is bound to one Cby phosphopeptide.
(B) Final 2Fo − Fc electron density of 14-3-3ζ (blue mesh) and Cby 18-mer (green mesh) contoured to 1σ. (C) Polar contacts (black hashed lines) between 143-3ζ residues (light blue sticks) and the Cby 18-mer (green sticks).
doi:10.1371/journal.pone.0123934.g001

14-3-3z/phosphopeptide complexes with different +2 residues [including the canonical proline
(Raf1), aspartate (PKCε [31]), glycine (Histone H3 [32]), threonine (β2 integrin [33]) and leucine (α4 integrin [34])], reveals that the S22 side chain is oriented uniquely, projecting between
14-3-3z residues R56 and K49 (Fig 2). Also, superimposition of these peptides onto Cby demonstrates that the backbones of residues -2 to +1 typically align well but diverge quickly C-terminally from the +2 residue.
With the side chain on Cby-S22 distinctively positioned relative to other +2 residues in
14-3-3/phosphopeptide structures, we sought to determine if mutating this serine to the canonical proline would have a significant effect on Cby’s interaction with 14-3-3z. The same
7-mer, 13-mer and 18-mer Cby phosphopeptides used previously, but now containing the
S22P mutation, were used in ITC experiments to determine the binding affinity to 14-3-3z
(Table 1, S2 Fig). Interestingly, for all S22P Cby peptides, the binding affinity was approximately 15-fold tighter for each peptide respective to its wild-type counterpart (for 7-mer,
KD ~3 versus ~44 μM; for 13-mer, KD ~1 versus ~15 μM; for 18-mer, KD ~360 nM versus
~5 μM). The increases in binding affinity for the three S22P mutant peptides were all due to
more negative ΔH of binding. Moreover, the flanking residues within the S22P Cby peptides,
like the WT, appear to play a role in the interaction as well. The Cby S22P 18-mer bound ~9
fold tighter than the S22P 7-mer, similar to the difference observed between the WT Cby
18-mer and 7-mer peptides.
In numerous crystal structures of 14-3-3 proteins in complex with phosphorylated S/T
peptides, the conserved K49 (numbering refers to the z isoform) side-chain is observed forming a hydrogen bond with the phosphate group on pS/pT (illustrated in S3 Fig with an elucidated 14-3-3z/Raf1 structure). With Cby’s S22 side-chain juxtaposed between 14-3-3z
residues K49 and R56, the K49 side-chain is sterically hindered from contacting pS20. As
such, we speculated that the increases in binding affinity to 14-3-3z observed for the S22P
mutant peptides might be the result of the favorable contacts between K49 and pS20 facilitated by the proline-induced conformational changes. To test this, a K49A mutation was introduced into 14-3-3z and ITC titrations were performed with 18-mer WT and S22P Cby
peptides. Interestingly, the data show that the K49A mutation only had a minor effect
(ΔΔG ~ 0.1 kcal/mol) on the binding to the WT Cby peptide, however, the mutant bound
with lower affinity to the S22P Cby peptide compared to the WT 14-3-3z (ΔΔG ~ 1.0 kcal/
mol) (Table 1, S4 Fig).
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Fig 2. Structural comparison of 14-3-3ζ-bound Cby with other 14-3-3 binding motifs comprising various +2 residues. Residues K49 and R56 are
coloured yellow on the white surface representation of 14-3-3ζ. Structural and sequence alignment of Cby (green sticks) with the binding-motifs of (A). Raf1
(pink sticks, PDB: 3CU8), (B) PKCε (orange sticks, PDB: 2WH0), (C) Histone H3 (white sticks, PDB: 2C1N), (D) β2 integrin (blue sticks, PDB: 2V7D) and (E)
α 4 integrin (purple sticks. PDB: 4HKC). The Cα RMSD values were computed by subtracting a Cα distance matrix between the -2 and +1 residues of Cby
and each peptide as well as the -2 and most C-terminal residue in the respective alignments.
doi:10.1371/journal.pone.0123934.g002

Probe for secondary interactions between 14-3-3ζ and Cby using NMR
spectroscopy
The crystal structure of 14-3-3z/Cby complex clearly reveals the molecular basis of primary interactions between 14-3-3z and the non-canonical mode II binding motif within Cby. However, like most of the 14-3-3/phosphopeptide structures available to date, the lack of electron
density for residues outside the phosphorylated binding motif of Cby hinders our understanding of the secondary interactions in complex formation. Notably, our ITC results showed that
the Cby 18-mer (12KTPPRKSA(pS)LSNLHSLDR29) used in the crystallographic study has a
significantly higher affinity compared to the 7-mer (16RKSA(pS)LS22; the minimal 14-3-3
binding motif) for 14-3-3z. However, only residues 23NLH25 outside the minimal binding
motif were observable in the crystal structure. Of the three, only the L24 side-chain is buried
within the interface, projecting toward a hydrophobic patch consisting of 14-3-3z residues
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L216 and I217. Intriguingly, immunoprecipitation experiments performed by Li et al.[14] demonstrated that an alanine substitution at L24 on Cby abolished binding to 14-3-3z. Our ITC titrations with the Cby 18-mer comprising the L24A mutation revealed that its interaction with
14-3-3z was indeed impaired but not abolished, binding approximately 4-fold weaker than the
wild-type peptide with a KD ~21 μM (Table 1, S2 Fig). To gain a more thorough understanding
of the secondary interactions between 14-3-3z and Cby, we sought to determine if there are additional regions in 14-3-3z that interact with the Cby 18-mer compared to the 7-mer using
NMR chemical shift mapping, a powerful technique for identifying binding interfaces
in solution.
Due to the relatively high molecular weight of the 14-3-3z dimer (~56 kDa), deuterated protein samples were used in our NMR studies. An initial 1H-15N TROSY-HSQC spectrum of 143-3z displayed many well-dispersed resonance signals along with a small number of extremely
intense peaks (S5 Fig). These strong peaks do not display any chemical shift changes upon titration of the unlabeled 18-mer Cby peptide, indicating that their corresponding residues are not
involved in the interaction (S5 Fig). However, their presence in the 1H-15N TROSY-HSQC spectrum unavoidably complicates the spectral analysis by masking many underlying resonances.
We speculated that these high intensity resonances originate from 14-3-3z’s C-terminal tail,
which has been shown to be disordered [35]. With this in mind, we have generated the 14-33zΔC12 construct, which is full-length 14-3-3z with the C-terminal 12 residues being removed.
The 1H-15N TROSY-HSQC of 14-3-3zΔC12 overlays almost perfectly with that of 14-3-3z, except that the highly intense peaks are no longer observable, confirming that these resonances
originate from the C-terminal tail. Importantly, ITC experiments show that 14-3-3zΔC12 binds
to Cby peptides with almost the same affinity as full-length 14-3-3z (Table 1, S6 Fig).
Backbone resonance assignments for 1HN, 15N, 13Cα and 13Cβ were obtained for 14-33zΔC12 (Fig 3A). We were able to assign 82% of the 1HN and 15N resonances of non-proline
residues, 81% of all 13Cα and 81% all 13Cβ resonances. The presence of weak peaks prevented a
higher percentage of resonance assignments. The residue-specific secondary structure propensity (SSP) scores using 13Cα/β chemical shifts [36] indicate that the protein is, as expected,
largely α-helical (Fig 3B).

Mapping the Cby peptides binding regions on 14-3-3ζΔC12
The nearly complete backbone assignment of 14-3-3zΔC12 affords an opportunity to map the
binding regions of different Cby peptides on 14-3-3z in a highly efficient manner. The 7-mer
and 18-mer Cby peptides were titrated to 14-3-3zΔC12 in a series of NMR experiments to a
final molar ratio of 3:1 (peptide:protein) for chemical shift mapping (Fig 4A). When comparing
the 1H-15N TROSY-HSQC spectra of 14-3-3zΔC12 in the apo and the 7-mer/18-mer Cby
bound forms, a large number of chemical shift changes as well as peak broadenings are observed. The chemical shift perturbations were calculated for both titration sets and were mapped
onto the 14-3-3z/Cby structure (Fig 5B & 5C, S7A Fig). From the generated maps, the residues
exhibiting the largest chemical shift changes for both peptides are found within helices αC, αE
and αI, matching well with the binding interface observed in the crystal structure (Fig 5A). Additional peaks within the binding cleft were broadened out over the course of the titrations. For
the Cby 18-mer titration, these peaks include M121, D124, Y125 and A130 within αE, L170,
L172, V176 and Y178 within αG, and I217, L220 and R222 within αI. Broadened resonances
within the binding cleft are similar for the Cby 7-mer titration, including F117, M121, D124 and
A130 within αE, L170, L172, V176, F177 and Y178 within αG, and Y211 within αI. Even though
residues that bond with the phosphate group of S20 on Cby, R56, R127 and Y128, could not be
assigned, residues surrounding this basic patch either broaden out (M121, D124, Y125, V176)
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Fig 3. (A) 1H-15N TROSY-HSQC spectrum and backbone resonance assignment of 2H/13C/15N labeled 14-3-3ζΔC12. (B) Secondary structure propensity
(SSP) scores for 14-3-3ζΔC12. SSP scores were calculated based upon the 13Cα/β chemical shifts.
doi:10.1371/journal.pone.0123934.g003

or exhibit large chemical shift changes (V52, G53) as expected. Large chemical shift perturbations or broadened resonances were not observed along the 14-3-3z dimer interface for
either peptide.
Notably, the Cby 18-mer binding interface appears to be larger than that of the pCby 7-mer.
Many 14-3-3z residues within the loop between αH and αI (204–208), along with N-terminal
residues of αI (209–215) exhibit larger chemical shift perturbations when titrated with the Cby
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Fig 4. NMR titration experiments of 14-3-3ζΔC12 with Cby peptides. (A) 1H-15N TROSY-HSQC spectra of 14-3-3ζΔC12 alone (black) and with 3 molar
equivalents of the Cby 7-mer (red) and Cby 18-mer (blue). (B) 1H-15N TROSY-HSQC spectra of 14-3-3ζΔC12 alone (black) and with 3 molar equivalents of
the WT Cby 18-mer (blue) and Cby S22P 18-mer (blue).
doi:10.1371/journal.pone.0123934.g004

18-mer compared to the Cby 7-mer (S8 Fig). Based on the orientation of the peptide, we speculate that this region of 14-3-3 interacts with the C-terminal (26SLDR29) residues on the Cby
18-mer peptide.
Additional NMR titration experiments were performed with the Cby S22P 18-mer to compare its binding interface with the WT. The chemical shift analysis (S7B Fig) and subsequent
mapping onto the 14-3-3z/Cby structure (Fig 5D) revealed a similar interface to that observed
for the Cby WT 18-mer. Interestingly, while the resonance signals of some residues in the αH—
αI loop and residues within the 209–215 range in αI shift similarly when titrated with the WT
or S22P peptides, the T205, L206, E209 and S210 peaks have much smaller shifts when titrated
with the Cby S22P 18-mer. Having a proline at the +2 position may affect how the downstream
C-terminal residues interact with this loop region.

Discussion
The molecular basis of the interaction between 14-3-3z and Cby was extensively investigated
by using a combination of X-ray crystallography, NMR spectroscopy, and ITC. Our ITC results
show that even though phosphorylation of Cby-S20 is critical for the complex formation (as
Cby peptides comprising S20D and S20E phospho-mimetics failed to bind to 14-3-3z), residues
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Fig 5. The mapping of chemical shifts on the crystal structure of the 14-3-3ζ /Cby complex. Due to the crowding of some peaks, the chemical shifts of
some residues could not be confidently traced and were excluded from the analysis. (A) (Above) A monomer of the 14-3-3ζ /Cby crystal structure interface
based on Cby residues (18SApSLSNLH25). Residues R56, R127 and Y128 which contact the Cby phosphate group are coloured red, residues interfacing the
peptide are coloured cyan, and 14-3-3ζ residues coloured magenta are found along the 14-3-3 dimer interface. (Below) The 14-3-3ζ dimer bound to Cby. (B)
(Cby 7-mer), (C) (Cby 18-mer) and (D) (Cby S22P 18-mer). Residues with traceable assigned resonances are coloured on a blue—white—yellow gradient
(0 ppm to 0.1 ppm) based on their combined chemical shift [Δω = ((Δδ1H)2 +(0.2*Δδ15N)2)1/2] at a 3:1 peptide:protein ratio. Residues coloured in orange
represent peaks that broadened out to disappearance upon addition of peptide. Residues R56, R127 and Y128 are coloured pink.
doi:10.1371/journal.pone.0123934.g005

outside the 14-3-3 binding-motif also play an important role in the interaction. This is supported by the finding that a short, 7-residue phosphopeptide of Cby comprising the minimal
14-3-3 binding-motif bound 10-fold weaker compared to a longer, 18-residue phosphopeptide.
A similar observation was made in a recent study of 14-3-3/α-integrin tail complexes, demonstrating that a 30-residue α4-integrin peptide comprising its 14-3-3-binding motif bound up to
15 times tighter to 14-3-3z than an 11-residue peptide [34]. Interestingly, in the same study,
short and long phosphopeptides comprising the 14-3-3 binding motif for the β2-integrin
bound with nearly the same high affinity, suggesting that secondary interactions from flanking
residues are likely sequence specific.
Another interesting finding from our ITC experiments is that the phosphorylated Cby peptides comprising a mutation at the pS + 2 position to the canonical proline (S22P) bind ~15 fold
tighter than the WT peptides. Our crystal structure provides molecular insight into the target
binding specificity of 14-3-3. Based on available crystal structures of various 14-3-3 isoforms in
complex with phosphorylated peptides comprising type I or type II binding motifs (for example,
PDB: 1QJA [37], 1QJB [37], 3MHR [38]), the K49 (z sequence) side chain commonly forms a
hydrogen bond with the phosphate group on pSer. However, in the 14-3-3z/Cby crystal
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structure, the side chain of S22 positions between K49 and R56 of 14-3-3z and sterically hinders
the interaction between K49 and pS20. Interestingly, introducing K49A mutation to 14-3-3z
does not affect its affinity for the WT Cby peptide, but the binding affinity to the S22P peptide
was reduced by ~5 fold. From these results, we speculate the S22P mutation of Cby promotes a
conformational change in the bound state, allowing K49 on 14-3-3z to form hydrogen bond
with the phosphate group on S20. However, it should be noted that there are examples of peptides containing a +2 proline co-crystallized with 14-3-3 proteins where K49 is either not making any direct contacts with the ligand (PDB: 4FL5) or it interacts with other residues within the
phosphopeptides (PDB: 3UAL [39], 4IEA [40]) instead of the phosphorylation site. Additionally, a proline at the +2 position is not absolutely essential for a K49—phosphate group interaction. This contact is observed in the 14-3-3γ/tyrosine hydroxylase structure (PDB: 4J6S [41])
and in the 14-3-3z/alpha-4 integrin, which both have a leucine at the +2 position.
With only 8 of the 18 residues in the Cby 18-mer peptide resolved in the crystal structure, it
is likely that any secondary contacts made by flanking residues are very dynamic. This is a
common issue in the co-crystallization of 14-3-3 proteins and peptides. Typically, only short
regions (4–10 residues comprising residues nearby the pS/pT) within longer phosphopeptides
are resolved. Because significant secondary interactions may be critical to 14-3-3z’s interaction
with Cby, we elected to pursue NMR spectroscopy as a means of further characterizing
the complex.
Chemical shift analysis of 1H-15N TROSY-HSQC titration experiments, performed by titrating the 7-mer and 18-mer Cby peptides into isotopically labeled 14-3-3zΔC12, allowed for
chemical shift mapping to reveal any differences in the binding interface between both peptides. We found that 14-3-3z residues 204–215 are involved in the interaction with the Cby
18-mer but not the 7-mer. Based on the orientation of the peptide in the crystal structure, this
would correspond to the residues C-terminal to the pS20, 23NLHSLDR29, making transient
contacts with this region of 14-3-3z. Chemical shift analysis of the Cby S22P 18-mer bound to
14-3-3zΔC12 revealed a similar binding site to that of the WT 18-mer, however some variability in shifts for residues within the 204–215 range were observed. This suggests that the +2 residue can affect how downstream C-terminal residues interact with 14-3-3z. A +2 proline is of
particular interest because while it is most commonly observed bound in a trans conformation
(e.g. 1QJA [37]) it has been observed bound in the cis conformation (e.g. 1QJB [37]).
Residues 203–210, corresponding to 14-3-3z’s αH- αI linker, have been shown to be part of
a secondary binding site with another 14-3-3 target [30]. The crystal structure of the 14-3-3z/
phosphorylated-AANAT complex, the only full-length protein to be solved in complex with
14-3-3, demonstrates that this linker is used by 14-3-3z to bind AANAT, highlighted by the
14-3-3z residue E208 making a salt bridge with R53 of phosphorylated AANAT, located in the
globular region of the protein. Additionally, this linker region has been implicated in ligand
discrimination between 14-3-3 isoforms [42,43]. For instance, the phosphatase Cdc25C can
bind to all 14-3-3 isoforms except for σ; however, the mutation of divergent residues within
14-3-3σ’s αH- αI linker to those conserved across all other isoforms enables the engineered σ
to bind Cdc25C [43].
Building on this work, future studies are in progress to elucidate how the complex forms in
the context of full-length Cby. It is conceivable that two Cby molecules could retain a coiledcoil structure while each is bound to 14-3-3z (Fig 6). Because of the orientation each 14-3-3z
monomer adopts upon dimerization, the Cby residues lying on the C-terminal end of serine 20
will exit the binding interface at opposing ends of the 14-3-3z dimer. Since the N-terminal residues (1–64) of full-length Cby are disordered [19] it is feasible that each bound Cby molecule
retains the flexibility necessary to orient itself to form a coiled-coil from residues 73–100, as
well as to bind to the 88-kDa β-catenin. The model (Fig 6) is consistent with the results of Li
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Fig 6. The 14-3-3ζ, Cby, β-catenin tripartite complex. Model of dimeric 14-3-3ζ bound to two molecules of
full-length Cby. The models of two full-length Cby proteins have disordered residues 30–73 of the N-terminus
and 100–126 of the C-terminus presented in a highly extended fashion, and are shown forming a coiled-coil
from residues 73–100. β-catenin (PDB: 2Z6H) is shown with its Cby binding-site (helix C) in red which then
binds along the C-terminus (64–126) of Cby.
doi:10.1371/journal.pone.0123934.g006

et al.[13], which demonstrated that binding of Cby to β-catenin is not interfered by the increased level of 14-3-3. We are aware that a Cby dimer binding to the 14-3-3 dimer could presumably lead to a stronger interaction between the two molecules than what was reported in
this study due to avidity. How the complex ultimately forms, i.e. its stoichiometry and conformation, will aid in providing the mechanistic basis by which the two proteins recruit β-catenin
to form a trimolecular complex and promote β-catenin’s nuclear exclusion.
Also of interest is the interplay of Cby’s interactions with 14-3-3 and CRM1. Cby’s 14-3-3
binding motif is juxtaposed with its nuclear export signal (NES) (21LSNLHSLDR29). Immunoprecipitation experiments by Li et al. [14] revealed that 14-3-3 enhanced the Cby-CRM1 interaction in a dose-dependent manner. It was postulated that 14-3-3 might induce a conformational
change in Cby to expose its NES for CRM1 recruitment. In doing so, CRM1 could then mediate
the nuclear exclusion of Cby. Our crystal structure demonstrates that this mechanism may not
be the case. The consensus NES sequence is F1(X2–3)F2(X2–3)F3XF4, where F represents critical
hydrophobic residues L, I, V, F or M and X is any amino acid[44,45]. In determined crystal structures of CRM1/target complexes, the critical hydrophobic residues are buried in a hydrophobic
cleft formed by HEAT repeats 11 and 12 of CRM1[46,47]. The hydrophobic residues on Cby’s
NES correspond to L21, L24 and L27. From our 14-3-3/Cby crystal structure, the L21 and L24
sidechains are projected toward 14-3-3’s binding cleft, making them inaccessible for CRM1. Residues (26SLDR29) are unobservable in our structure and thus their accessibility remains unknown.
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However, Li et al. [14] demonstrated that a L27A mutation to Cby did not affect the Cby/CRM1
interaction, and showed normal, WT subcellular distribution. Meanwhile, L21A and L24A mutations abolished the interaction with CRM1 and led to the nuclear sequestration of Cby. As such,
14-3-3 may need to be dissociated from Cby to allow for the CRM1 interaction. Further cell experiments and structural studies of the Cby/CRM1 complex are needed to comprehend how 143-3 and CRM1 work in concert to promote the cytoplasmic sequestration of Cby.
Finally, NMR studies are critical to the characterization of 14-3-3 interactions as their interactome is predicted to predominantly consist of disordered targets [27]. The backbone resonance assignment of 14-3-3z completed in this work therefore not just facilitate the studies of
14-3-3z with Cby, it will be invaluable for probing interactions between 14-3-3z and a continually growing list of protein targets by NMR. Such studies may allow the identification of ligandbinding interfaces on 14-3-3 in an efficient manner as illustrated in this work. Moreover, with
14-3-3z over-expression associated with tumour progression and chemoresistance (reviewed in
Matta et al. [48]), the protein is an attractive therapeutic target in cancer. With the availability
of the backbone resonance assignment of 14-3-3z, NMR titration can be a quick way to test the
binding/determine the binding site of small molecule or peptide 14-3-3 inhibitors [49,50]. Similarly, this may also be done for a number of recently discovered 14-3-3 protein-protein smallmolecule stabilizers [49,50], which offer an alternative approach to modulating 14-3-3 activity.

Materials and Methods
Expression and purification of 14-3-3ζ
The human14-3-3z ORF purchased from GeneCopoeia was transferred into Gateway
pDEST17 vector (Invitrogen). The 14-3-3zΔC12, where the 12 C-terminal residues were deleted, was then generated from the full-length construct using QuikChange II Site-Directed Mutagenesis Kit (Strategene). Both full-length 14-3-3z and 14-3-3zΔC12 were expressed as Nterminally His-tagged protein in Escherichia coli (E. coli) BL21 (DE3) pLysS in M9 medium.
For unlabeled protein, protein expression was induced at an O.D.600 of 0.9 by adding 0.75 mM
IPTG at 18°C for 24 h. The 15N, 13C, 2H labeled 14-3-3zΔC12 was produced by growing E. coli
in deuterated M9 medium. Cells adapted to 70% D2O were used to inoculate a 1 L culture of
M9 prepared in 100% D2O. Cells were grown at 37°C and overexpression was induced at an O.
D.600 of 0.6 with 0.75 mM IPTG. After a 60-h induction at 18°C, the cells were harvested. All
14-3-3z constructs used in this study were purified from the crude lysate by affinity chromatography using Ni Sepharose Fast Flow beads (Amersham Biosciences). The tag was then cleaved
by overnight incubation with His-tagged tobacco etch virus (TEV) protease at 25°C. The
cleaved 14-3-3z, which retains an N-terminal glycine, was purified by passing the mixture
through Ni Sepharose Fast Flow beads. The final yields for the 14-3-3z proteins were ~50 mg
per L of M9 media (including deuterated media).

Peptide Synthesis
The Cby peptides used in this study were purchased from GenScript USA Inc. and the TUFTS
University Core Facility. From GenScript USA Inc.: Cby 13-mer (NH2-12KTPPRKSASLSNL24COOH), Cby S20D 13-mer (NH2-12KTPPRKSADLSNL24-COOH), Cby S20E 13-mer
(NH2-12KTPPRKSAELSNL24-COOH), pCby 13-mer (NH2-12KTPPRKSApSLSNL24-COOH)
and pCby 18-mer ((NH2-12KTPPRKSApSLSNLHSLDR29-COOH). From TUFTS: pCby 7-mer
(Ac-16RKSApSLS22-NH2), pCby 11-mer (NH2-12KTPPRKSApSLS22-NH2), pCby S22P 7-mer
(Ac-16RKSApSLP22-NH2), pCby S22P 13-mer (NH2-12KTPPRKSApSLPNL24-COOH)
and pCby S22P 18-mer (NH2-12KTPPRKSApSLSNLHSLDR29-COOH). Peptides were
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dissolved and dialyzed in 50 mM sodium phosphate, 100 mM NaCl at pH 6.8 for ITC and
NMR experiments.

Crystallization and Structure Determination
Crystals grew within 2 months at 4°C in sitting drops containing 1 μL of complexed 14-3-3z
(10 mg/mL) and phosphorylated Cby 18-mer peptide (protein:peptide ratio 1:4) in 20 mM
Tris, pH 7.5, and 100 mM NaCl and 1 μL of reservoir solution containing 200 mM NH4HCO2
and 16–20% PEG 3350. The mother liquor with 15% glycerol served as the cryoprotectant for
flash-cooling in liquid nitrogen. Data were collected at the Macromolecular Crystallographic
Facility (University of Western Ontario). The structure was solved via rigid body molecular replacement, using Protein Data Bank entry 1QJA [37] as the starting model. The Cby peptide
was built manually using Coot [51] and refinement was carried out using PHENIX [52].

NMR Experiments
All NMR experiments were performed using 15N, 13C, 2H-labeled protein samples in 50 mM
sodium phosphate, 100 mM NaCl at pH 6.8. Samples contained 10% D2O and 1 mM 2,2-dimethyl-2-sila-pentane-5-sulfonic acid (DSS) as 1H chemical shift reference. NMR experiments
for the backbone resonance assignment of 14-3-3zΔC12 were conducted at 25°C on a Bruker
Avance 800 MHz (Singapore) spectrometer equipped with cryogenic probe. Sequential assignments were obtained from 1H-15N TROSY HSQC, HNCACB, HN(CO)CACB and 15N-NOESY-HSQC spectra. Data were processed using NMRPipe [53] and analyzed using CARA [54].
For the NMR titrations, either phosphorylated Cby 7-mer or 18-mer peptides were titrated
into 600 μL of ~ 200 μM 15N, 13C, 2H labeled 14-3-3zΔC12 until a 3:1 (peptide: 14-3-3zΔC12)
molar ratio was reached. A 1H-15N HSQC spectrum was collected for each titration point for a
total of 12 points for the pCby WT 7-mer and 18-mer and 6 points for the pCby S22P 18-mer.
All spectra were analyzed using NMRView [55].

Isothermal titration calorimetry (ITC) experiments
ITC experiments were performed on a VP-ITC instrument (MicroCal) at 25°C. The protein and
peptide samples were dialyzed into a buffer containing 50 mM sodium phosphate, 100 mM
NaCl, 1 mM DTT at pH 6.8 and degassed before the experiments. In a typical experiment, 5 μL
aliquots of ~1–2 mM peptide were titrated stepwise into the 1.4 mL sample cell containing
~100–200 μM 14-3-3z. The association constant (Ka), molar binding stoichiometry (n) and the
binding enthalpy (ΔH), entropy (ΔS) and Gibbs free energy (ΔG) were determined by fitting the
binding isotherm to a one-site model with MicroCal Origin7 software. All ITC experiments
were performed in duplicate. A duplicate set of thermodynamic derived binding parameters are
found in S1 Table. Peptide and protein concentrations were determined from amino acid analysis (Amino Acid Analysis Facility, SickKids, Toronto, ON).

Accession Numbers
The atomic coordinates for the 14-3-3z/Cby complex have been deposited in the Protein Data
Bank under accession number 4WRQ. The 1H, 15N and 13Cα/β chemical shifts of the backbone
resonances have been deposited in the BioMagResBank (http://www.bmrb.wisc.edu), under
BMRB accession number 25231.
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Supporting Information
S1 Fig. ITC thermograms for titrations of unphosphorylated or phospho-mimetic Cby peptides to 14-3-3z. (A) Cby WT 13-mer. (B) Cby S20D 13-mer. (C) Cby S20E 13-mer.
(TIF)
S2 Fig. ITC thermograms for various phosphorylated WT and mutant Cby peptides titrated into 14-3-3z. (A) Cby 7-mer. (B) Cby 11-mer. (C) Cby 13-mer. (D) Cby 18-mer. (E) Cby
S22P 7-mer (F) Cby S22P 13-mer. (G) Cby S22P 18-mer. (H) Cby L24A 18-mer.
(TIF)
S3 Fig. A comparison of the orientation of 14-3-3z’s K49 side-chain in the 14-3-3z/Cby and
14-3-3z/Raf1 (PDB: 3CU8) complexes. Cby is represented by the green sticks and Raf1 by the
light pink sticks. K49 in the 14-3-3z/Cby and 14-3-3z/Raf1 complexes is shown in yellow and
dark pink, respectively.
(TIF)
S4 Fig. ITC thermograms for the (A) WT Cby 18-mer and (B) Cby S22P 18-mer titrated to
14-3-3z K49A.
(TIF)
S5 Fig. 1H-15N TROSY-HSQC of 2H/13C/15N 14-3-3z in the absence (blue) and presence of
a 1:1 molar ratio of the Cby 18-mer (red). Circled resonances represent the intense signals
arising from 14-3-3z’s disordered C-terminal tail. A zoomed-in view displays the intense signals derived from 14-3-3z’s disordered C-terminal tail.
(TIF)
S6 Fig. ITC thermograms for the (A) Cby 13-mer and (B) Cby 18-mer titrated to 14-33zΔC12.
(TIF)
S7 Fig. Composite 1HN and 15N chemical shift perturbation [Δω = ((Δδ1H)2 +(0.2 Δδ15N)2)1/2]
analysis of 14-3-3zΔC12 in the presence of three molar equivalents of the (A) Cby 7-mer,
(A + B) Cby 18-mer and (B) Cby S22P 18-mer. Due to the crowding of some peaks, the
chemical shifts of some residues could not be confidently traced and were excluded from
the analysis.
(TIF)
S8 Fig. Observed chemical shifts for 14-3-3zΔC12 residues 204–215. Resonances shown for
each residue include the apo state (black), Cby 18-mer bound-state (blue) and the pCby 7-mer
bound-state (red), at a 3:1 (pCby: 14-3-3zΔC12) ratio.  Residue Y211 is displayed at a 1.25:1
(Cby: 14-3-3zΔC12) ratio as it broadens out to disappearance at a 3:1 ratio with the Cby 7-mer.
The Cby-18-mer bound-state is shown in cyan with the 7-mer bound-state in magenta.
(TIF)
S1 Table. Duplicate set of thermodynamic parameters for the binding of phosphorylated
Cby peptides to 14-3-3z.
(DOCX)

Acknowledgments
This work was supported by the Canadian Institutes of Health Research (CIHR; MOP 74679)
and Natural Sciences and Engineering Research (NSERC; RGPIN 06372–2014). We thank
Kevin Leung for useful discussions on our X-ray crystallography experiments. We thank the

PLOS ONE | DOI:10.1371/journal.pone.0123934 April 24, 2015

16 / 19

Structural Analysis of the 14-3-3ζ/Chibby Interaction

Biomolecular NMR Facility, Macromolecular Crystallography Facility and the Biomolecular
Interaction and Conformation Facility at the University of Western Ontario for their assistance
and use of the facilities. We also acknowledge and thank the support from the NMR facility at
the National University of Singapore.

Author Contributions
Conceived and designed the experiments: RCK WYC. Performed the experiments: RCK JF.
Analyzed the data: RCK BHS. Contributed reagents/materials/analysis tools: DY BHS WYC.
Wrote the paper: RCK BHS WYC.

References
1.

Takemaru K, Yamaguchi S, Lee YS, Zhang Y, Carthew RW, Moon RT (2003) Chibby, a nuclear betacatenin-associated antagonist of the Wnt/Wingless pathway. Nature 422: 905–909. PMID: 12712206

2.

Clevers H (2006) Wnt/beta-catenin signaling in development and disease. Cell 127: 469–480. PMID:
17081971

3.

Logan CY, Nusse R (2004) The Wnt signaling pathway in development and disease. Annu Rev Cell
Dev Biol 20: 781–810. PMID: 15473860

4.

Kahn M (2014) Can we safely target the WNT pathway? Nat Rev Drug Discov 13: 513–532. doi: 10.
1038/nrd4233 PMID: 24981364

5.

Thakur R, Mishra DP (2013) Pharmacological modulation of beta-catenin and its applications in cancer
therapy. J Cell Mol Med 17: 449–456. doi: 10.1111/jcmm.12033 PMID: 23490077

6.

Guo Y, Xiao L, Sun L, Liu F (2012) Wnt/beta-catenin signaling: a promising new target for fibrosis diseases. Physiol Res 61: 337–346. PMID: 22670697

7.

Yao H, Ashihara E, Maekawa T (2011) Targeting the Wnt/beta-catenin signaling pathway in human
cancers. Expert Opin Ther Targets 15: 873–887. doi: 10.1517/14728222.2011.577418 PMID:
21486121

8.

MacDonald BT, Tamai K, He X (2009) Wnt/beta-catenin signaling: components, mechanisms, and diseases. Dev Cell 17: 9–26. doi: 10.1016/j.devcel.2009.06.016 PMID: 19619488

9.

Angers S, Moon RT (2009) Proximal events in Wnt signal transduction. Nat Rev Mol Cell Biol 10:
468–477. doi: 10.1038/nrm2717 PMID: 19536106

10.

Kimelman D, Xu W (2006) beta-catenin destruction complex: insights and questions from a structural
perspective. Oncogene 25: 7482–7491. PMID: 17143292

11.

Aberle H, Bauer A, Stappert J, Kispert A, Kemler R (1997) beta-catenin is a target for the ubiquitin-proteasome pathway. EMBO J 16: 3797–3804. PMID: 9233789

12.

Kim W, Kim M, Jho EH (2013) Wnt/beta-catenin signalling: from plasma membrane to nucleus. Biochem J 450: 9–21. doi: 10.1042/BJ20121284 PMID: 23343194

13.

Li FQ, Mofunanya A, Harris K, Takemaru K (2008) Chibby cooperates with 14-3-3 to regulate betacatenin subcellular distribution and signaling activity. J Cell Biol 181: 1141–1154. doi: 10.1083/jcb.
200709091 PMID: 18573912

14.

Li FQ, Mofunanya A, Fischer V, Hall J, Takemaru K (2010) Nuclear-cytoplasmic shuttling of Chibby
controls beta-catenin signaling. Mol Biol Cell 21: 311–322. doi: 10.1091/mbc.E09-05-0437 PMID:
19940019

15.

Dunker AK, Cortese MS, Romero P, Iakoucheva LM, Uversky VN (2005) Flexible nets. The roles of intrinsic disorder in protein interaction networks. FEBS J 272: 5129–5148. PMID: 16218947

16.

Das RK, Mao AH, Pappu RV (2012) Unmasking functional motifs within disordered regions of proteins.
Sci Signal 5: pe17. doi: 10.1126/scisignal.2003091 PMID: 22510467

17.

Davey NE, Van Roey K, Weatheritt RJ, Toedt G, Uyar B, Altenberg B, et al. (2012) Attributes of short linear motifs. Mol Biosyst 8: 268–281. doi: 10.1039/c1mb05231d PMID: 21909575

18.

Mofunanya A, Li FQ, Hsieh JC, Takemaru K (2009) Chibby forms a homodimer through a heptad repeat
of leucine residues in its C-terminal coiled-coil motif. BMC Mol Biol 10: 41. doi: 10.1186/1471-2199-1041 PMID: 19435523

19.

Mokhtarzada S, Yu C, Brickenden A, Choy WY (2011) Structural characterization of partially disordered
human Chibby: insights into its function in the Wnt-signaling pathway. Biochemistry 50: 715–726. doi:
10.1021/bi101236z PMID: 21182262

PLOS ONE | DOI:10.1371/journal.pone.0123934 April 24, 2015

17 / 19

Structural Analysis of the 14-3-3ζ/Chibby Interaction

20.

Fu H, Subramanian RR, Masters SC (2000) 14-3-3 proteins: structure, function, and regulation. Annu
Rev Pharmacol Toxicol 40: 617–647. PMID: 10836149

21.

Yang X, Lee WH, Sobott F, Papagrigoriou E, Robinson CV, Grossmann JG, et al. (2006) Structural
basis for protein-protein interactions in the 14-3-3 protein family. Proc Natl Acad Sci U S A 103:
17237–17242. PMID: 17085597

22.

Yaffe MB, Rittinger K, Volinia S, Caron PR, Aitken A, Leffers H, et al. (1997) The structural basis for
14-3-3:phosphopeptide binding specificity. Cell 91: 961–971. PMID: 9428519

23.

Coblitz B, Wu M, Shikano S, Li M (2006) C-terminal binding: an expanded repertoire and function of
14-3-3 proteins. FEBS Lett 580: 1531–1535. PMID: 16494877

24.

Zhai J, Lin H, Shamim M, Schlaepfer WW, Canete-Soler R (2001) Identification of a novel interaction of
14-3-3 with p190RhoGEF. J Biol Chem 276: 41318–41324. PMID: 11533041

25.

Johnson C, Crowther S, Stafford MJ, Campbell DG, Toth R, MacKintosh C (2010) Bioinformatic and experimental survey of 14-3-3-binding sites. Biochem J 427: 69–78. doi: 10.1042/BJ20091834 PMID:
20141511

26.

Pozuelo Rubio M, Geraghty KM, Wong BH, Wood NT, Campbell DG, Morrice N, et al. (2004) 14-3-3affinity purification of over 200 human phosphoproteins reveals new links to regulation of cellular metabolism, proliferation and trafficking. Biochem J 379: 395–408. PMID: 14744259

27.

Bustos DM, Iglesias AA (2006) Intrinsic disorder is a key characteristic in partners that bind 14-3-3 proteins. Proteins 63: 35–42. PMID: 16444738

28.

Uhart M, Bustos DM (2014) Protein intrinsic disorder and network connectivity. The case of 14-3-3 proteins. Front Genet 5: 10. doi: 10.3389/fgene.2014.00010 PMID: 24550932

29.

Iakoucheva LM, Radivojac P, Brown CJ, O'Connor TR, Sikes JG, Obradovic Z, et al. (2004) The importance of intrinsic disorder for protein phosphorylation. Nucleic Acids Res 32: 1037–1049. PMID:
14960716

30.

Obsil T, Ghirlando R, Klein DC, Ganguly S, Dyda F (2001) Crystal structure of the 14-3-3zeta:serotonin
N-acetyltransferase complex. a role for scaffolding in enzyme regulation. Cell 105: 257–267. PMID:
11336675

31.

Kostelecky B, Saurin AT, Purkiss A, Parker PJ, McDonald NQ (2009) Recognition of an intra-chain tandem 14-3-3 binding site within PKCepsilon. EMBO Rep 10: 983–989. doi: 10.1038/embor.2009.150
PMID: 19662078

32.

Macdonald N, Welburn JP, Noble ME, Nguyen A, Yaffe MB, Clynes D, et al. (2005) Molecular basis for
the recognition of phosphorylated and phosphoacetylated histone h3 by 14-3-3. Mol Cell 20: 199–211.
PMID: 16246723

33.

Takala H, Nurminen E, Nurmi SM, Aatonen M, Strandin T, Takatalo M, et al. (2008) Beta2 integrin phosphorylation on Thr758 acts as a molecular switch to regulate 14-3-3 and filamin binding. Blood 112:
1853–1862. doi: 10.1182/blood-2007-12-127795 PMID: 18550856

34.

Bonet R, Vakonakis I, Campbell ID (2013) Characterization of 14-3-3-zeta Interactions with integrin
tails. J Mol Biol 425: 3060–3072. doi: 10.1016/j.jmb.2013.05.024 PMID: 23763993

35.

Williams DM, Ecroyd H, Goodwin KL, Dai H, Fu H, Woodcock JM, et al. (2011) NMR spectroscopy of
14-3-3zeta reveals a flexible C-terminal extension: differentiation of the chaperone and phosphoserinebinding activities of 14-3-3zeta. Biochem J 437: 493–503. doi: 10.1042/BJ20102178 PMID: 21554249

36.

Marsh JA, Singh VK, Jia Z, Forman-Kay JD (2006) Sensitivity of secondary structure propensities to sequence differences between alpha- and gamma-synuclein: implications for fibrillation. Protein Sci 15:
2795–2804. PMID: 17088319

37.

Rittinger K, Budman J, Xu J, Volinia S, Cantley LC, Smerdon SJ, et al. (1999) Structural analysis of
14-3-3 phosphopeptide complexes identifies a dual role for the nuclear export signal of 14-3-3 in ligand
binding. Mol Cell 4: 153–166. PMID: 10488331

38.

Schumacher B, Skwarczynska M, Rose R, Ottmann C (2010) Structure of a 14-3-3sigma-YAP phosphopeptide complex at 1.15 A resolution. Acta Crystallogr Sect F Struct Biol Cryst Commun 66: 978–984.
doi: 10.1107/S1744309110025479 PMID: 20823509

39.

Molzan M, Weyand M, Rose R, Ottmann C (2012) Structural insights of the MLF1/14-3-3 interaction.
FEBS J 279: 563–571. doi: 10.1111/j.1742-4658.2011.08445.x PMID: 22151054

40.

Molzan M, Kasper S, Roglin L, Skwarczynska M, Sassa T, Inoue T, et al. (2013) Stabilization of physical RAF/14-3-3 interaction by cotylenin A as treatment strategy for RAS mutant cancers. ACS Chem
Biol 8: 1869–1875. doi: 10.1021/cb4003464 PMID: 23808890

41.

Skjevik AA, Mileni M, Baumann A, Halskau O, Teigen K, Stevens RC, et al. (2014) The N-terminal sequence of tyrosine hydroxylase is a conformationally versatile motif that binds 14-3-3 proteins and
membranes. J Mol Biol 426: 150–168. doi: 10.1016/j.jmb.2013.09.012 PMID: 24055376

PLOS ONE | DOI:10.1371/journal.pone.0123934 April 24, 2015

18 / 19

Structural Analysis of the 14-3-3ζ/Chibby Interaction

42.

Benzinger A, Popowicz GM, Joy JK, Majumdar S, Holak TA, Hermeking H (2005) The crystal structure
of the non-liganded 14-3-3sigma protein: insights into determinants of isoform specific ligand binding
and dimerization. Cell Res 15: 219–227. PMID: 15857576

43.

Wilker EW, Grant RA, Artim SC, Yaffe MB (2005) A structural basis for 14-3-3sigma functional specificity. J Biol Chem 280: 18891–18898. PMID: 15731107

44.

Kutay U, Guttinger S (2005) Leucine-rich nuclear-export signals: born to be weak. Trends Cell Biol 15:
121–124. PMID: 15752974

45.

la Cour T, Kiemer L, Molgaard A, Gupta R, Skriver K, Brunak S (2004) Analysis and prediction of leucine-rich nuclear export signals. Protein Eng Des Sel 17: 527–536. PMID: 15314210

46.

Monecke T, Guttler T, Neumann P, Dickmanns A, Gorlich D, Ficner R (2009) Crystal structure of the nuclear export receptor CRM1 in complex with Snurportin1 and RanGTP. Science 324: 1087–1091. doi:
10.1126/science.1173388 PMID: 19389996

47.

Guttler T, Madl T, Neumann P, Deichsel D, Corsini L, Monecke T, et al. (2010) NES consensus redefined by structures of PKI-type and Rev-type nuclear export signals bound to CRM1. Nat Struct Mol Biol
17: 1367–1376. doi: 10.1038/nsmb.1931 PMID: 20972448

48.

Matta A, Siu KW, Ralhan R (2012) 14-3-3 zeta as novel molecular target for cancer therapy. Expert
Opin Ther Targets 16: 515–523. doi: 10.1517/14728222.2012.668185 PMID: 22512284

49.

Mori M, Vignaroli G, Botta M (2013) Small molecules modulation of 14-3-3 protein-protein interactions.
Drug Discov Today Technol 10: e541–547. doi: 10.1016/j.ddtec.2012.10.001 PMID: 24451646

50.

Ottmann C (2013) Small-molecule modulators of 14-3-3 protein-protein interactions. Bioorg Med Chem
21: 4058–4062. doi: 10.1016/j.bmc.2012.11.028 PMID: 23266179

51.

Emsley P, Cowtan K (2004) Coot: model-building tools for molecular graphics. Acta Crystallogr D Biol
Crystallogr 60: 2126–2132. PMID: 15572765

52.

Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, Echols N, et al. (2010) PHENIX: a comprehensive Python-based system for macromolecular structure solution. Acta Crystallogr D Biol Crystallogr 66: 213–221. doi: 10.1107/S0907444909052925 PMID: 20124702

53.

Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J, Bax A (1995) NMRPipe: a multidimensional spectral processing system based on UNIX pipes. J Biomol NMR 6: 277–293. PMID: 8520220

54.

Keller R (2004) The computer aided resonance assignment tutorial.

55.

Johnson BA (2004) Using NMRView to visualize and analyze the NMR spectra of macromolecules.
Methods Mol Biol 278: 313–352. PMID: 15318002

PLOS ONE | DOI:10.1371/journal.pone.0123934 April 24, 2015

19 / 19

