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14-3-3 denotes a family of ⬃30-kDa dimeric proteins found in
all eukaryotic cells (1–5). This family of highly conserved proteins consists of seven distinct gene products in human cells (␤,
␥, ⑀, , , , and ) as well as a variety of post-translationally
modified forms (6 –9). To the extent that it has been investi-
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gated, broad heterodimerization has generally been observed
between the different 14-3-3 isoforms (10, 11). In addition, all
14-3-3 proteins bind to common phosphoserine/phosphothreonine-containing peptide motifs corresponding to Mode-1 (RSXpSXP) or Mode-2 (RXXXpSXP) sequences (12).
14-3-3 proteins participate in a wide variety of signal transduction processes including Ras-Raf-mediated activation of the
mitogen-activated protein kinase pathway, regulation of apoptosis, adhesion-dependent integrin signaling, and cell cycle
control in response to genotoxic stress (1–5). All of these processes appear to involve multiple 14-3-3 isotypes. Although
some isotype-specific differences in signaling clearly exist, the
molecular basis for these differences remain obscure and difficult to rationalize given the strong sequence conservation and
broad heterodimerization observed among the individual 143-3 proteins.
We have been particularly interested in understanding the
roles of different 14-3-3 proteins in cell proliferation, cell cycle
control, and human tumorigenesis (5, 13, 14). In epithelial
cells, one particular 14-3-3 isoform, 14-3-3, appears to play a
particularly important role in this regard. Hermeking et al. (15)
demonstrated that 14-3-3 was a major p53 response gene in
HCT116 colon carcinoma cells following exposure to DNA damaging agents and suggested a role for 14-3-3 in G2/M checkpoint function. Chan et al. (16) found that 14-3-3⫺/⫺ HCT116
cells were unable to maintain the G2/M checkpoint arrest following exposure to adriamycin and subsequently died by mitotic catastrophe. One well established function of 14-3-3 in
negatively regulating M-phase entry involves functional sequestration of the mitotic promoting phosphatase Cdc25C (17–
20). Intriguingly, however, 14-3-3 does not bind to Cdc25C
(16, 21), suggesting that alternative -specific ligands, whose
identities remain unknown, must also play important roles in
controlling progression from G2 into M by some Cdc25C-independent mechanism.
Given the importance of 14-3-3 in mitotic regulation, it is
paradoxical that many different types of epithelial cancers
have recently been found to down-regulate 14-3-3 expression
at the mRNA and protein level, either through promoter methylation and gene silencing (22–26) or through up-regulation of
a specific E3 ubiquitin ligase that targets 14-3-3 for destruction (27). This may be related to an alternative function of
14-3-3 in promoting cell senescence, although to date this has
only been demonstrated in human keratinocytes (28).
Why is 14-3-3 apparently unique among the mammalian
isoforms? What is structural basis for the distinct function of 
and its ligand discrimination? Why are 14-3-3 effects not
diluted out through heterodimerization with other 14-3-3 isotypes? This study was designed to investigate structural differences between 14-3-3 and other 14-3-3 family members in an
attempt to provide a molecular rationalization for some of these
aspects of -specific function.
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The 14-3-3 family of proteins includes seven isotypes
in mammalian cells that play numerous diverse roles in
intracellular signaling. Most 14-3-3 proteins form homodimers and mixed heterodimers between different
isotypes, with overlapping roles in ligand binding. In
contrast, one mammalian isoform, 14-3-3, expressed
primarily in epithelial cells, appears to play a unique
role in the cellular response to DNA damage and in
human oncogenesis. The biological and structural basis
for these 14-3-3-specific functions is unknown. We demonstrate that endogenous 14-3-3 preferentially forms
homodimers in cells. We have solved the x-ray crystal
structure of 14-3-3 bound to an optimal phosphopeptide ligand at 2.4 Å resolution. The structure reveals the
presence of stabilizing ring-ring and salt bridge interactions unique to the 14-3-3 homodimer structure and
potentially destabilizing electrostatic interactions between subunits in 14-3-3-containing heterodimers, rationalizing preferential homodimerization of 14-3-3 in
vivo. The interaction of the phosphopeptide with 14-3-3
reveals a conserved mechanism for phospho-dependent
ligand binding, implying that the phosphopeptide binding cleft is not the critical determinant of the unique
biological properties of 14-3-3. Instead, the structure
suggests a second ligand binding site involved in 14-33-specific ligand discrimination. We have confirmed
this by site-directed mutagenesis of three -specific residues that uniquely define this site. Mutation of these
residues to the alternative sequence that is absolutely
conserved in all other 14-3-3 isotypes confers upon 143-3 the ability to bind to Cdc25C, a ligand that is known
to bind to other 14-3-3 proteins but not to .
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FIG. 1. Sequence conservation among 14-3-3 proteins. A, sequence alignment. ClustalW-based sequence alignment of all human (h) 14-3-3
isotypes, the 14-3-3 proteins from the budding yeast Saccharomyces cerevisiae (sc), and the fission yeast Saccharomyces pombe (sp). Inverted
triangles demarcate residues at the dimerization interface; solid circles indicate a critical three-amino acid alteration in 14-3-3 involved in
substrate discrimination. B, 14-3-3 cladogram. A rooted phylogenetic tree of the sequences in A generated using PHYLIP (40) reveals that 14-3-3
is evolutionarily distinct from clades encompassing all other 14-3-3 isotypes.
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MATERIALS AND METHODS

1
The abbreviations used are: HA, hemagglutinin; AEBSF, 4-(2-aminoethyl)benzenesulfonyl fluoride; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid; DTT, dithiothreitol.

FIG. 2. 14-3-3 primarily forms homodimers in cells. A, homodimerization revealed by two-dimensional gel Western blot analysis.
U2OS whole cell lysates were immunoprecipitated with antibodies
against 14-3-3␤ (panels a– c) or 14-3-3 (panels d–f) and analyzed for
co-associated 14-3-3 isotypes by two-dimensional gel electrophoresis
and Western blotting. The two spots observed for 14-3-3␤ and - indicate post-translational modifications. A fraction of 14-3-3␤ is known to
be phosphorylated on Ser-185 (6); the post-translational modification of
14-3-3 is not known. B, antibody controls. Bacterial lysates containing
recombinant glutathione S-transferase-14-3-3 fusion proteins were separated by SDS-PAGE and blotted with the antibodies used in A. A
duplicate gel was stained with Coomassie Blue (lower panel). C, homodimerization confirmed by epitope tagging. U2OS cells were transfected with 2⫻FLAG-tagged 14-3-3. Total cell lysates (TCL) were
prepared 24 h later, incubated with bead-immobilized anti-FLAG antibodies, and the immunoprecipitated proteins (IP) released under nonreducing conditions to minimize interfering signals from the antibody
light chain. Under these conditions, the 2⫻FLAG-tagged 14-3-3 remained bound to the antibody-immobilized beads. Total cell lysate and
immunoprecipitated protein samples, along with unbound material
(Flow-thru) in the anti-FLAG-depleted lysates, were analyzed by blotting with the indicated antibodies.
(Santa Cruz, CA). Primary antibodies were used at dilutions between
1:1000 and 1:2500. Blots were washed three times for 15 min each with
phosphate-buffered saline containing 0.05% Tween 20, followed by incubation with the appropriate horseradish peroxidase-conjugated secondary antibodies at 1:2500 –1:5000 dilution for 60 min at room temperature. Following washing, immunoreactive bands were visualized by
enhanced chemiluminescence (PerkinElmer Life Sciences) and the blots
exposed to x-ray film (Eastman Kodak Co.).
Two-dimensional Gel Electrophoresis—For two-dimensional electrophoresis, immunoprecipitations from whole cell extracts were suspended in 100 l of focusing buffer (8 M urea, 2 M thiourea, 4% CHAPS,
15 mg/ml DTT, 2% ampholytes) cup-loaded onto prerehydrated 7-cm
IPG strips (pH 4 –7, all strips from the same lot), and subjected to
isoelectric focusing for 15 min at 100 V, 15 min at 200 V, 30 min at 500
V, 1 h at 1000 V, and 6 h at 3500 V using an IPGphor isoelectric focusing
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Construct Design and Recombinant Protein Expression—The
pCDNA3.1 vector for mammalian expression of HA1-tagged 14-3-3 has
been described previously (21). The HA-tagged 14-3-3 M202I,D204E,
H206D triple mutant was generated using site-directed PCR mutagenesis with HA-14-3-3 pCDNA3.1 as a template. The following two
primer sets were used: AGGGAGACCCAAGCTTACCAT (forward-1)
and GAGGGTGTCCAGTTCAGCAATGGCCTC (reverse-1) and GAGGCCATTGCTGAACTGGACACCCTC (forward-2) and TGATTAGGGTGATGGTTCACG (reverse-2) to create a PCR product that was ligated
into the HindIII/XhoI sites in the pcDNA3.1 expression vector using
Roche’s Rapid DNA ligation kit (Roche Applied Science). A vector for
low level mammalian expression of 2⫻FLAG-tagged 14-3-3 was generated by first inserting a Kozak sequence and 2⫻FLAG epitope into
the BamHI/EcoRI sites of pCDNA3.1⫹ using the following oligonucleotides: 5⬘-GATCCGCCACCATGGATTACAAGGATGACGACGATAAGGATTACAAGGATGACGACGATAAGG-3⬘ and 5⬘-AATTCCTTATCGTCGTCATCCTTGTAATCCTTATCGTCGTCATCCTGTAATCCATGGTGGCG-3⬘. 14-3-3 was then PCR amplified with EcoRI/XhoI compatible
ends and subcloned into the EcoRI/XhoI sites of the pCDNA3.1 ⫹
2⫻FLAG vector. The final 2⫻FLAG-14-3-3 cassette was then subcloned into the BamHI/EcoRV sites of the tetracycline-inducible vector
pTRE (BD Biosciences). Low level expression of 2⫻FLAG-14-3-3 was
obtained by culturing transfected cells in media lacking tetracycline.
pGEX vectors for bacterial expression of glutathione S-transferasetagged 14-3-3, -␤, -␥, -⑀, and - have been described previously (12). A
bacterial expression vector for production of recombinant untagged
14-3-3 for use in crystallization studies was generated by PCR amplifying 14-3-3 from pGEX-14-3-3 with NcoI/HindIII compatible ends
and subcloning the PCR product into the NcoI/HindIII sites of
pKK233-2. All vector constructs were transformed into DH5␣ Eschericia coli. Following colony selection, plasmid DNA was prepared (Qiagen) and the sequence verified by dideoxy sequencing.
Bacterial expression of recombinant proteins was performed by
transforming BL21(DE3) E. coli with the appropriate plasmids, followed by growth in LB medium containing ampicillin. Cultures were
induced at an A600 of 0.6 – 0.8 by addition of isopropyl ␤-D-thiogalactopyranoside to a final concentration of 0.4 mM followed by growth for 4 h
at 37 °C prior to cell harvesting by centrifugation.
Tissue Culture and Mammalian Cell Transfections—U20S cells (passage 12, ATCC) were cultured in Dulbecco’s modified Eagle’s medium/
HEPES medium supplemented with 10% fetal calf serum, glutamine,
and penicillin/streptomycin in 10-cm2 culture dishes. The HA- and
2⫻FLAG-tagged 14-3-3 constructs (4 g) were transfected into ⬃50%
confluent U2OS cells using FuGENE 6 transfection reagent as recommended by the manufacturer. Where indicated, cells were treated with
10 Gy of ionizing radiation 24 h following transfection.
Preparation of Whole Cell Lysates, Immunoprecipitation, and Western Blot Analysis—Whole cell lysates were prepared by scraping U2OS
cells into modified radioimmune precipitation assay buffer (50 mM
Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, containing 1 mM phenylmethylsulfonyl fluoride, 1 g/ml aprotinin, 1 g/ml
leupeptin, 1 g/ml pepstatin, 1 mM Na3VO4, 20 nM microcystin LR, 5 nM
okadaic acid, 2 M cantharidin, 0.00073% p-bromotetramisole, 10 M
E64, and 1 mM AEBSF) and pushed through a syringe equipped with a
30-gauge needle three times. Lysates were incubated for 15 min at 4 °C,
centrifuged at 12,000 ⫻ g for 15 min at 4 °C, and the supernatants
recovered. Protein concentration was measured using the Bio-Rad protein assay kit.
Immunoprecipitations were performed using 1 mg of whole cell lysates and 4 g of the appropriate antibodies overnight at 4 °C. Following binding to protein-A-Sepharose beads for 1 h at 4 °C, the immunoprecipitates were washed three times with modified radioimmune
precipitation assay buffer, suspended in Laemmli sample buffer, resolved on SDS-PAGE gels, and transferred to polyvinylidene difluoride
membranes. The membranes were blocked for 1 h at 4 °C using 5%
nonfat dry milk (Bio-Rad) in phosphate-buffered saline containing
0.05% Tween 20, followed by incubation for 1–2 h at room temperature
or overnight at 4 °C with mouse monoclonal antibodies specific for the
HA epitope (clone 12CA5; Roche Applied Science) or 14-3-3 (clone
CS-112 (29)) or with rabbit or goat polyclonal antibodies against 143-3␤ (C-20), c-Raf-1 (C-12), and Cdc25C (C-19) or an antibody that
recognizes all 14-3-3 isotypes (K-19), all from Santa Cruz Biotechnology
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TABLE I
Crystallographic data and refinement statistics

Space group:
Asymmetric unit:
Data collection
Wavelength (Å)
Resolution (Å)
Rsyma
Completeness (%)
Unique hkl reflections
Redundancy (-fold)
Average I/
Refinement
hkl兩F ⬎ 0兩 reflections
hkl (test set)
Rwork (%)c
Rfree (%)d
Root mean square deviations
Bonds (Å)
Angles (degrees)

C2221; a ⫽ 56.2 Å, b ⫽ 137.1 Å, c ⫽ 155.3 Å
14-3-3 dimer with a phosphopeptide bound to each monomer
0.97949
40–2.4
0.095 (0.652)b
99.2 (99.3)
24,430
15.1 (13.5)
30.7 (5.4)
22,712
2241
23.3
28.3
3656 protein atoms, 55 solvent atoms, 1 calcium ion
0.007
1.07

Rsym ⫽ 兺h兺j兩Ij(h) ⫺ 具I(h)典兩/兺h兺j 具I(h)典, where Ij(h) is the jth reflection of index h and 具I典 is the average intensity of all observations of I(h).
Values in parentheses are for the highest resolution bin (2.49 –2.40Å).
c
Rwork ⫽ 兺h兩Fobs(h) ⫺ Fcalc(h)兩兩/兺h兩Fobs(h)兩, calculated over the 90% of the data in the working set.
d
Rfree is equivalent to Rwork except calculated over the 10% of the data assigned to the test set.
a
b

ture (Protein Data Bank code 1QJA) as the search model. Phase refinement was performed using CNS (32). The structure was built using the
O program (33), and figures were prepared using PyMOL (www.
pymol.org). Coordinates have been deposited in the Protein Data Bank
as 1YWT.
RESULTS AND DISCUSSION

A comparison of the sequence of 14-3-3 with that of other
human 14-3-3 isotypes, as well as with those in the evolutionarily distant budding and fission yeast (Fig. 1A), reveals many
regions of considerable sequence conservation. Despite this
strong global sequence preservation, there are a number of
short regions in 14-3-3 that differ in general from those in
other 14-3-3 proteins. A particularly striking example is a
unique 3 amino acid substitution in the ␣H-␣I linker. Phylogenetic analysis (Fig. 1B) reveals that  is the most divergent of
all 14-3-3 proteins, consistent with its apparently unique function in vivo. All other 14-3-3 proteins can be clustered into
three major clades, one containing 14-3-3⑀ together with the
yeast isoforms, a second clade containing the  and ␥ isoforms,
and a third clade containing the , ␤, and  isoforms. The
structure of 14-3-3 gene on chromosome 1, together with its
complete lack of introns (a feature unique to ), support a
hypothesis that 14-3-3 may represent a functional retrotransposed gene.
Given the propensity of 14-3-3 proteins to form both homodimers and mixed heterodimers with other 14-3-3 isotypes
(10, 11), what accounts for the functional specificity of 14-3-3
revealed by mammalian genetic experiments (16)? To address
this question, the extent of 14-3-3 homo- versus heterodimerization was investigated by immunoprecipitation of endogenous 14-3-3 in U2OS cells and the results compared with
those obtained by immunoprecipitating 14-3-3␤. Samples were
analyzed by two-dimensional gel electrophoresis and Western
blotting to maximize resolution between individual isotypes. As
shown in Fig. 2A, 14-3-3␤ was easily detectable in anti-␤ immunoprecipitates (panel a); however, no 14-3-3 was pulled
down in these samples (panel b). In contrast, a monoclonal
antibody against 14-3-3 strongly immunoprecipitated 14-3-3
(panel e) but failed to immunoprecipitate any 14-3-3␤ (panel d).
These data suggest that endogenous 14-3-3 and ␤ do not form
mixed heterodimers. When the anti-␤ immunoprecipitates
were blotted with an antibody that recognizes all of the 14-3-3
isotypes, at least 10 distinct spots were observed (panel c),
consistent with extensive heterodimerization between ␤ and
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system device (Amersham Biosciences). Strips were washed in re-equilibration buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30% glycerol, 2%
SDS) in the presence of 20 mg/ml dithiothreitol for 10 min and then in
the presence of 25 mg/ml iodoacetamide for 10 min to irreversibly
modify all cysteine residues. The strips were then loaded onto 12%
SDS-PAGE gels and electrophoresed at 120 V for 1 h. Gels were transferred onto polyvinylidene difluoride membranes and used for Western
blot analyses using the appropriate antibodies in conjunction with
enhanced chemiluminescence detection.
14-3-3 Purification, Crystallization, and Structure Solution—Pellets of bacteria expressing untagged 14-3-3 corresponding to 3 liters of
culture were suspended in 200 ml of lysis buffer (50 mM Tris-HCl pH
8.0, 300 mM NaCl, 2 mM DTT, 1 mM AEBSF) and lysed by sonication.
The lysate was clarified by centrifugation, diluted to 100 mM NaCl with
dilution buffer (50 mM Tris-HCl, pH 8.0, 2 mM DTT), and loaded onto a
Q-Sepharose column equilibrated with buffer QA (100 mM Tris-HCl, pH
8.0, 50 mM NaCl, 2 mM DTT). The column was washed extensively in
the same buffer and the protein then eluted with a 100 –500 mM NaCl
gradient. Fractions containing 14-3-3, determined by SDS-PAGE
analysis, were pooled and dialyzed against gel filtration buffer (50 mM
Tris-HCl, pH 8.0, 200 mM NaCl, 2 mM DTT) and concentrated by
ultracentrifugation to ⬃2 ml for loading onto a Superdex-75 gel filtration column. Appropriate fractions from the gel filtration column were
dialyzed into buffer HA (10 mM Tris-HCl, pH 8.0, 10 mM NaCl, 2 mM
DTT) and loaded onto a hydroxyapatite column equilibrated with buffer
HA. Protein was eluted with a linear gradient from buffer HA to buffer
HB (250 mM sodium phosphate, pH 7.0, 50 mM NaCl, 2 mM DTT).
Purified 14-3-3 (⬃8 mg) was dialyzed into 10 mM Tris-HCl, pH 8.0, 10
mM NaCl, concentrated to ⬃10 mg/ml by ultrafiltration, divided into
250-g aliquots, and flash-frozen in liquid nitrogen.
An optimal mode-1 phosphopeptide was synthesized using N-␣-Fmoc
(N-(9-fluorenyl)methoxycarbonyl)-protected amino acids with standard
BOP/HOBt coupling chemistry and purified by reverse phase high
performance liquid chromatography. Protein-peptide complexes were
prepared at 5 mg/ml protein by combining freshly thawed protein stock
with a 2-fold molar excess of phosphopeptide and dilution with water.
Crystals were grown at 18 °C by vapor diffusion in hanging drops over
1–2 weeks. 1–2 l of complex was mixed with an equal volume of well
solutions containing 50 mM HEPES, pH 7.0, 6 –10% polyethylene glycol
3350, 100 –150 mM NaF, and 40 mM CaCl2. Crystals were frozen in
liquid nitrogen after a brief soak in synthetic mother liquor containing
15% glycerol, which was made by adding a 50% solution of glycerol in
well solution directly to the hanging drop.
Crystals were screened on a Rigaku rotating anode source with Yale
mirror optics and a R-AXIS IV detector. A 2.4 Å resolution data set was
collected at 100 K using the NE-CAT 8BM beamline at the Advanced
Photon Source, Argonne National Laboratory (Chicago, IL). The space
group of the crystals was C222l, with a single 14-3-3 dimer and its two
bound peptides in the asymmetric unit. The data were indexed, integrated, and scaled using HKL2000 (30), and the structure was solved by
molecular replacement using AmoRe (31) with the 14-3-3 dimer (with
the peptide removed) from the 14-3-3-mode-2 peptide complex struc-
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other 14-3-3 isotypes. In contrast, when the anti- immunoprecipitates were probed with this same antibody (panel f), there
were very few additional spots seen. These data indicate that
14-3-3 preferentially forms homodimers within cells.
The specificity of the antibodies used in Fig. 2A is shown in
Fig. 2B. To verify that the lack of 14-3-3 heterodimerization
we observed was not an artifact of dimer disruption by the
anti- antibody, we transfected cells with a 2⫻FLAG-tagged
14-3-3 construct and looked at its co-association with endogenous  and ␤ in anti-FLAG immunoprecipitates. As shown in
Fig. 2C, endogenous 14-3-3 dimerized with the 2⫻FLAGtagged , while endogenous 14-3-3␤ did not. These findings
confirm the conclusion, drawn from our two-dimensional gel
results, that 14-3-3 preferentially forms homodimers.
To understand the basis of preferential homodimerizaton,

and to shed light on mechanisms of functional specificity for
14-3-3, we solved the x-ray crystal structure of 14-3-3 bound
to the mode-1 phosphopeptide MARSHpSYPAKKK at 2.4 Å
resolution (Table I). As shown in Fig. 3A, the general shape of
14-3-3 is essentially identical to that of 14-3-3 and - (34, 35),
consisting of nine antiparallel ␣-helices forming a horseshoeshaped dimer. The basis for dimer formation in 14-3-3 is
essentially the same as that of these other isotypes and involves a series of distributed interactions from residues in
helices ␣A and ␣B in one monomer with residues in helices ␣C⬘
and ␣D⬘ in the other (Figs. 1A and 3B).
For simplicity, we focus further comparisons of the 14-3-3
structure to that of 14-3-3 bound to the same mode-1 phosphopeptide (12), although the conclusions apply equally to
those obtained by comparing 14-3-3 with the unliganded
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FIG. 3. The structure of 14-3-3 and the basis for homodimerization. A, overview of the 14-3-3-mode-1 phosphopeptide complex. Two
orthogonal views are shown with the protein in ribbons representation with one monomer colored orange and the other colored pink. The dimer
2-fold axis is indicated in each view. Side chains on either side of the interface that differ between the  and  isoforms are shown as yellow and
green ball-and-stick representations. The phosphopeptide, shown in stick representation, is colored blue. B–E, differences between the dimer
interfaces of 14-3-3 and - facilitate homodimerization of the  isoform. B, a close-up bottom view of the  dimer rotated 180o from the view in
the right panel of A, highlighting sequence differences at the interface. C, alignment of the structures of the  and  isoforms reveals subtle
differences in helix packing and register at the interface. The 14-3-3 ribbon is colored as described for A–C, and the two monomers of the  isoform
are colored cyan and blue, respectively. Sequence differences in the loop linking helices ␣B and ␣C (orange/blue) may be responsible for the different
orientations of helix B. On the opposite side of the interface, 14-3-3 is disordered in the loop connecting helices ␣C⬘ and ␣D⬘ (pink/cyan) where
there is a two-amino acid insertion relative to the  sequence, and the ␣D⬘ helix has one less turn at its NH2-terminal end. D, at the 14-3-3 dimer
interface a substitution of Phe () for Cys () at residue 25 produces a ring-ring interaction between Phe-25 (␣B) and Tyr-84 (␣D⬘). The aromatic
ring of Phe-25 prevents the alkyl chain of Lys-9 (␣A) from participating in van der Waals interactions with Tyr-84 as seen at the  interface.
Instead, Lys-9 makes a salt bridge across the interface with the side chain of Glu-83 at the end of the ordered part of helix ␣D⬘. E, in a modeled
structure of the 14-3-3/ heterodimer interface, Glu-80 in 14-3-3 ␣D⬘ (pink) would be juxtaposed against Glu-5 in ␣A of 14-3-3 (blue). This
destabilizing interaction would similarly disrupt heterodimerization of  with the ␤, ⑀, and  isoforms as well.
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FIG. 4. Ligand recognition by 14-3-3. A, the phosphopeptide-binding pocket. Stereo view of the mode-1 phosphopeptide bound to one
monomeric subunit of the 14-3-3 dimer. The phosphopeptide is shown in stick representation with carbon atoms colored yellow, nitrogens blue,
oxygens red, and phosphorus purple. 14-3-3 is shown in surface representation shaded by similar atom-type color coding except with carbon
colored green. B, molecular basis for phosphospecificity. The phosphate group of the phosphoserine is coordinated by four conserved 14-3-3 side
chains. The protein backbone is represented by green ribbons; the phosphopeptide and the side chains that interact with the phosphate group are
shown in stick representation. Key interactions observed between the phosphopeptide and 14-3-3 are the same as those in the crystal structure
of the 14-3-3-phosphopeptide complex (12). C, a novel binding surface unique to 14-3-3. Surface representations of the 14-3-3 dimer are shown
along with a ball-and-stick representation of the phosphopeptide (green) in the same orientations as in Fig. 3A. The surfaces are color coded by
sequence conservation with highly conserved residues shaded magenta and non-conserved residues yellow. Three exposed residues of 14-3-3
(Met-202, Asp-204, and His-206), which differ from the absolutely conserved sequence in all other known isoforms, are shaded blue. These highly
exposed residues protrude from the top of a prominent ridge above the concave face that contains the phosphopeptide-binding grooves. D, mutation
of the novel binding surface of 14-3-3 allows CDC25C ligand binding. U2OS cells were transfected with HA-14-3-3 wild-type (wt) or a 14-3-3
Met-202 3 Ile,Asp-204 3 Glu,His-206 3 Asp triple mutant (mut3). 24 h following transfection, cells were irradiated (IR) with 10 grays of ionizing
radiation or received no treatment, and were lysed 4 h later. Whole cell lysates were immunoprecipitated (IP) with an anti-HA antibody, separated
by SDS-PAGE, and blotted with antibodies against Cdc25C (upper panel), c-Raf-1 (middle panel), and the HA epitope (lower panel).

structure of 14-3-3 (34). In 14-3-3 the angle between ␣A and
␣B is different from that in the  dimer. This difference may be
related to the unique sequence of the BC loop in 14-3-3 compared with that in other human isoforms. Across the dimer
interface in the opposing monomer, the loop connecting helices
␣C⬘ and ␣D⬘, which contains two extra amino acids in 14-3-3,
is disordered and helix ␣D⬘ is one turn shorter at its aminoterminal end than in the 14-3-3 structure. Helices ␣A and ␣D⬘

in the 14-3-3 structure are observed to pack slightly closer
together across the interface than in  (Fig. 3C), perhaps as a
consequence of these changes.
There are seven amino acid differences between 14-3-3 and
14-3-3 at the dimer interface (six between  and ). Five of
these amino acid substitutions are -specific and must provide
a structural basis for  homodimerization through stabilizing
homodimeric interactions and destabilizing heterodimeric in-
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tion, the ␣H-␣I linker in 14-3-3 makes direct contact with part
of serotonin N-acetyltransferase in the 14-3-3-AANAT co-crystal structure (37). These findings further suggest that this
region of 14-3-3 may indeed be part of a second ligand binding
surface.
To investigate this, and determine whether this site was
involved in -specific ligand discrimination, we mutated Met202, Asp-204, and His-206 in  to the Ile, Glu, and Asp residues
that are present in all other non- isotypes and transfected the
resulting HA-tagged construct into U2OS cells (Fig. 4D). Both
wild-type and the triple mutant  bound to c-Raf-1 in cells. In
contrast, wild-type  did not bind significantly to Cdc25C,
whereas the triple mutant form of  showed robust binding, as
well as a slight increase in Cdc25C binding after irradiationinduced DNA damage, particularly when normalized to the
amount of HA-14-3-3 in the IPs. These findings strongly suggest that this region in 14-3-3 normally constitutes a second
phospho-independent ligand-binding site that is likely to be
involved in mediating selection for and against specific ligands.
Similar phospho-independent ligand-binding surfaces that are
spatially separate from the phosphopeptide-binding pocket
have also been observed in other phosphoserine/threoninebinding domains (38).
In conclusion, we have shown that endogenous 14-3-3 preferentially forms homodimers in cells, a finding that can be
rationalized at the structural level by sequence differences and
selective interactions at the dimer interface. The structural
basis of 14-3-3 phosphopeptide-binding is essentially identical
to that seen in 14-3-3 phosphopeptide and protein complexes
(12, 37, 39), suggesting that 14-3-3-specific substrate discrimination involves alternative secondary surfaces. We have identified one of these surfaces in the ␣H-␣I linker involving residues Met-202, Asp-204, and His-206. Mutation of this -specific
surface patch to the corresponding sequence in other 14-3-3
proteins causes 14-3-3 to bind to Cdc25C, a molecule that
normally binds to other 14-3-3 isoforms but not to . These
findings may assist in understanding the molecular basis for
14-3-3-specific function in cell cycle control and cancer.
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