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O-GlcNAc is an intracellular posttranslational modification that gov-
erns myriad cell biological processes and is dysregulated in human
diseases. Despite this broad pathophysiological significance, the
biochemical effects of most O-GlcNAcylation events remain unchar-
acterized. One prevalent hypothesis is that O-GlcNAc moieties may
be recognized by “reader” proteins to effect downstream signaling.
However, no general O-GlcNAc readers have been identified, leav-
ing a considerable gap in the field. To elucidate O-GlcNAc signaling
mechanisms, we devised a biochemical screen for candidate O-GlcNAc
reader proteins. We identified several human proteins, including 14-3-
3 isoforms, that bind O-GlcNAc directly and selectively. We demon-
strate that 14-3-3 proteins bind O-GlcNAc moieties in human cells, and
we present the structures of 14-3-3β/α and γ bound to glycopeptides,
providing biophysical insights into O-GlcNAc-mediated protein–protein
interactions. Because 14-3-3 proteins also bind to phospho-serine and
phospho-threonine, they may integrate information from O-GlcNAc
and O-phosphate signaling pathways to regulate numerous
physiological functions.
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O-linked β-N-acetylglucosamine (O-GlcNAc) is an abundant
posttranslational modification (PTM) of serines and threo-

nines on nuclear, cytoplasmic, and mitochondrial proteins, gov-
erning diverse biological processes (1–3). In mammals, O-GlcNAc
is added by O-GlcNAc transferase (OGT) and removed by O-
GlcNAcase (OGA), and is essential, as genetic ablation of ei-
ther enzyme is lethal in mice (4–6). Aberrant O-GlcNAc cycling is
also implicated in numerous human diseases, including cancer (1,
7–9), diabetes (10–12), and neurodegeneration (13–16).
Despite this broad pathophysiological significance, the molec-

ular mechanisms of O-GlcNAc signaling are poorly understood.
One prevailing hypothesis is that O-GlcNAc moieties, similar to
other intracellular PTMs, may be recognized by “reader” proteins
that specifically bind O-GlcNAc to effect downstream functions
(17, 18). However, although some examples of O-GlcNAc-mediated
protein–protein interactions are known (19–26), no general
O-GlcNAc readers have been identified, and no structure of any
O-GlcNAc-mediated protein–protein interaction has been reported,
leaving the biochemical and biophysical basis of O-GlcNAc recog-
nition unclear. To address this knowledge gap, we devised a screen
to discover candidate mammalian O-GlcNAc reader proteins. We
discovered that multiple human proteins, including 14-3-3 iso-
forms (17, 27, 28), bind selectively to O-GlcNAcylated substrates,
and we determined structures of human 14-3-3β/α and γ bound
to glycopeptides, providing atomic resolution information on an
O-GlcNAc-mediated protein–protein interaction. Remarkably,
the 14-3-3 O-GlcNAc-binding pocket overlaps with its well-known
phosphorylated ligand binding site (17, 27, 28). Therefore, 14-3-
3 proteins may serve as bifunctional readers, integrating in-
formation in the previously documented, extensive crosstalk
between O-GlcNAcylation and O-phosphorylation pathways (1,
29–33).

Results
We developed a biochemical approach to test the hypothesis that
O-GlcNAc is specifically recognized by mammalian reader pro-
teins. First, we derived a consensus O-GlcNAcylated peptide
sequence by aligning 802 mapped Ser-O-GlcNAc sites (34–36)
(Fig. 1A) (www.phosphosite.org). We noted that a Pro-Val-Ser
tripeptide observed previously in smaller datasets (37, 38) also
emerged in our sequence, suggesting that this motif may be
important for O-GlcNAc modification and/or recognition. We
reasoned that this consensus peptide, when glycosylated, might
serve as biochemical “bait” for diverse O-GlcNAc reader pro-
teins. Human OGT efficiently glycosylated a bait peptide con-
taining the consensus sequence and a polyethylene glycol-biotin
anchor (SI Appendix, Fig. S1A) with a single O-GlcNAc on the
expected serine, as determined by mass spectrometry (MS; Fig. 1B
and SI Appendix, Fig. S1B). The GlcNAc-binding lectin wheat
germ agglutinin was affinity-enriched via pulldown with the bait
glycopeptide, compared with the unglycosylated control peptide,
even in the presence of excess nonspecific protein (Fig. 1C). These
results indicated that our approach could selectively capture GlcNAc-
binding proteins.
Using the bait glycopeptide and MS proteomics, we affinity-

captured and identified dozens of endogenous nuclear and cy-
toplasmic proteins that selectively bound the O-GlcNAcylated
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probe in extracts from three different human cell lines (Fig. 1 D
and E and SI Appendix, Fig. S1C). Then, we inspected our MS
datasets for the proteins most enriched by the O-GlcNAcylated
bait in at least two cell types (SI Appendix, Fig. S1C). One protein
meeting these criteria was importin-β1, which mediates nuclear
cargo trafficking (39) and was previously shown to interact di-
rectly with O-GlcNAc moieties on nuclear pore proteins in hu-
man cells (40). We confirmed by immunoblot (IB) that importin-
β1 and its homolog importin-5 were specifically enriched by the
bait glycopeptide (Fig. 1F). Interestingly, several other proteins
enriched in our experiments exist as dimers or higher-order olig-
omers, possibly indicating that avidity effects from the densely
glycoprotein-decorated beads contributed to their successful O-
GlcNAc-specific purification (SI Appendix, Fig. S1C). These re-
sults demonstrated that our method can identify authentic human
O-GlcNAc-interacting proteins.
We selected three other glycopeptide-enriched proteins for

further study: α-enolase, ErbB3-binding protein (EBP1), and 14-3-
3 (SI Appendix, Fig. S1C). α-enolase is a glycolytic enzyme (41),
EBP1 inhibits cell growth and proliferation induced by the re-
ceptor tyrosine kinase ErbB3 (42), and 14-3-3 proteins bind
phosphoserine/threonine moieties to govern numerous processes,
including growth factor signaling, mitotic exit, and apoptosis (17,
27, 28). We verified that the bait glycopeptide specifically enriched
both endogenous (Fig. 2A) and recombinant-purified (Fig. 2B)
forms of human α-enolase, EBP1, and 14-3-3β/α and γ (repre-
sentative paralogs), demonstrating that they bind O-GlcNAc di-
rectly, and not through bridging proteins. We confirmed this
conclusion using fluorescence anisotropy (FA), which revealed
saturable binding of all three proteins to the glycopeptide, but not
to the unglycosylated peptide (Fig. 2 C and D and SI Appendix,
Fig. S2). Extending these observations, we found that human
α-enolase, EBP1, and 14-3-3 also directly bound a consensus
glycopeptide derived from 676 mapped threonine-O-GlcNAc sites
(34–36) (SI Appendix, Fig. S3) (www.phosphosite.org), and that
the murine orthologs of all three proteins were also specifically
affinity-enriched by bait glycopeptides (SI Appendix, Fig. S4).
Together, these results demonstrate that mammalian α-enolase,

EBP1, and 14-3-3 share evolutionarily conserved O-GlcNAc-
binding properties.
To determine whether α-enolase, EBP1, and 14-3-3 bind O-

GlcNAc moieties in vivo, we created expression constructs encod-
ing mCherry fused to the Ser-O-GlcNAc bait sequence and a

A

O-GlcNAc

tubulin

importin-5

importin- 1

O-GlcNAc

O-GlcNAc

B

C

nuclear cytoplasmic
E

O-GlcNAc

F
silver 
stain

D

Fig. 1. A biochemical strategy to identify O-GlcNAc reader proteins. (A) Peptide logo derived from 802 mammalian serine-O-GlcNAc sites. (B) Human OGT O-
GlcNAcylates the bait peptide once at the central serine. MALDI spectra of the bait peptide after mock (Left) or complete (Right) O-GlcNAcylation reaction.
m/z of modified peptide corresponds to +1 GlcNAc and +1 Mg2+. See also SI Appendix, Fig. S1B. (C) Fluorescein-tagged wheat germ agglutinin was incubated
with glycopeptide or mock-modified peptide (±O-GlcNAc), without (Left) or with (Right) 105-fold excess BSA as a nonspecific protein control. Captured
material was washed, eluted, and analyzed by SDS/PAGE and fluorescence scanning. (D) Nuclear and cytoplasmic 293T proteins were captured by glyco-
peptide pulldown and analyzed by SDS/PAGE and silver stain. (E) Summary of MS proteomics results from samples shown in D. Red circles, proteins identified
in unmodified peptide pulldowns (control). Blue (nuclear) and green (cytoplasmic) circles, proteins identified in glycopeptide pulldowns. Similar results were
obtained with HT1080 and Jurkat cells. See also SI Appendix, Fig. S1C. (F) Glycopeptide pulldowns from 293T extracts were analyzed by IB. Tubulin (not
enriched in any MS sample) is a negative control.
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Fig. 2. Human protein binds O-GlcNAc directly and selectively. (A) Glyco-
peptide pulldowns from 293T extracts were analyzed by IB. Tubulin is a
negative control. (B) Recombinant-purified proteins were analyzed by gly-
copeptide pulldown and IB. Protein phosphatase-1 (PP1) (not enriched in any
MS sample) is a negative control. (C) Fluorescein-labeled bait peptide was
mock- (blue) or O-GlcNAc-modified (red), and binding to 14-3-3γ was ana-
lyzed by FA. Representative traces from triplicate experiment are shown. mP,
millipolarization. (D) Dissociation constants for glycopeptide interactions
with α-enolase, EBP1, and 14-3-3γ, determined by FA.
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myc epitope. Endogenous 14-3-3, α-enolase, and EBP1 coim-
munoprecipitated (IP-ed) with transfected mCherry-bait, but
not with a serine→alanine “mutant” bait (Fig. 3A). Moreover, a
specific small molecule inhibitor of OGT (5SGlcNAc) (43)
greatly reduced the interaction between candidate reader pro-
teins and mCherry-bait, whereas an OGA inhibitor (Thiamet-
G) (44) had little effect (Fig. 3B). These results indicate that
constitutive O-GlcNAcylation of the bait peptide sequence is
efficient, and that endogenous α-enolase, EBP1, and 14-3-3 can
bind O-GlcNAc moieties in human cells.
To determine whether candidate reader proteins interact

with native OGT substrates in living cells, we used a chemical
biology strategy (40) to covalently capture endogenous O-
GlcNAc-mediated protein–protein interactions. Briefly, in this
approach, human cells are metabolically labeled with a dia-
zirine-bearing GlcNAc analog (GlcNDAz), which they convert
to a nucleotide-sugar species used by OGT to modify its nat-
ural substrates (40). Short UV treatment of GlcNDAz-labeled
cells covalently crosslinks proteins within ∼2–4 Å of the O-
GlcNDAz moiety, capturing direct binding partners but not
nonspecific proteins (25, 26, 40). We performed GlcNDAz
crosslinking on human cells, IP-ed lysates with an anti-O-GlcNAc
antibody, separated IP-ed proteins by SDS/PAGE, and used
quantitative proteomics to identify proteins within gel slices of
defined molecular weight (MW) ranges (SI Appendix, Fig. S5).

Then, we inspected the results for proteins detected in a UV-
dependent manner above their predicted MWs, indicating
O-GlcNDAz-dependent crosslinking. As expected, we observed
UV-specific crosslinking in the 100–200-kDa range of both
known O-GlcNAcylated proteins, such as nucleoporins and OGT
itself (45–47), and known O-GlcNAc-interacting proteins, such as
importins (Fig. 3C) (40). Notably, we detected 14-3-3β/α, γ, e, and
ζ/δ (MW < 30 kDa) in the 100–200-kDa gel region exclusively in
the +UV sample (Fig. 3C). Similarly, α-enolase (MW 47 kDa)
was enriched more than fivefold in the region above 200 kDa
(SI Appendix, Fig. S5B). IBs confirmed the GlcNDAz-specific
crosslinking of 14-3-3β/α and γ to discrete endogenous human
proteins (Fig. 3D). Together, these results indicate that candidate
reader proteins bind directly to O-GlcNAc moieties in vivo.
Elegant studies of OGA–glycopeptide cocomplexes have pro-

vided mechanistic insight into O-GlcNAc hydrolysis (48, 49).
However, no structure has been reported for an O-GlcNAc-
mediated protein–protein interaction, leaving the biophysical
basis of O-GlcNAc recognition unknown. To address this ques-
tion, we focused on 14-3-3 proteins because of their role in cell
signaling through PTMs (17, 27, 50). O-GlcNAc binding is a
conserved property of human 14-3-3 isoforms, because glyco-
peptide pulldowns specifically enriched all family members, ex-
cept σ, from mammalian cell extracts (Figs. 2A and 4A and SI
Appendix, Fig. S1C). Moreover, glycopeptide pulldowns (Fig. 4B)
and FA (Fig. 4C and SI Appendix, Fig. S6) with recombinant-
purified protein confirmed the direct and selective binding of
two additional 14-3-3 isoforms to O-GlcNAc, with no saturable
binding to the unglycosylated peptide detected. The affinities of
14-3-3 isoforms for the bait glycopeptide (Fig. 2D and SI Ap-
pendix, Fig. S6), although moderate, are comparable to those
reported previously for some phosphopeptide ligands from
physiological binding partners (51, 52). To further test the po-
tential physiological relevance of the affinities we observed for
14-3-3 and model glycopeptides, we synthesized previously vali-
dated 14-3-3-binding phosphopeptides from the cystic fibrosis
transmembrane conductance regulator and the transcription
factor Snail (51, 52) (SI Appendix, Fig. S1A) and examined them
under identical FA assay conditions. Consistent with prior re-
ports (51, 52), we observed weak binding with both cystic fibrosis
transmembrane conductance regulator and Snail ligands, with
affinities lower than those we observed for the model glyco-
peptides (SI Appendix, Fig. S7), demonstrating that the 14-3-3/
glycopeptide affinities we observe are on par with some physio-
logical 14-3-3/phosphopeptide interactions. By analogy to prior
studies comparing phosphopeptides and full-length phospho-
proteins (53), we expect that 14-3-3 isoforms likely bind signifi-
cantly tighter to native, full-length glycosylated partner proteins
than they do to our consensus glycopeptides, which were designed
to capture a variety of reader proteins, and hence were not se-
lected or optimized for 14-3-3 binding in particular (Fig. 1A and SI
Appendix, Fig. S3A).
Next, to elucidate the biophysical basis of O-GlcNAc binding

by 14-3-3 paralogs, we obtained X-ray crystal structures of serine
and threonine bait glycopeptides bound to 14-3-3β/α or γ (Fig. 4
D and E and SI Appendix, Figs. S8–10). Strikingly, the glyco-
peptides occupy the same amphipathic groove of 14-3-3, where
phosphorylated ligands bind (54). In addition, to protein/peptide
backbone contacts, 14-3-3 makes 10 hydrogen bonds with the
glycan (Fig. 4 D and E), revealing the biophysical basis for O-
GlcNAc-selective binding (Figs. 1–3). Moreover, the glyco-
peptide and protein conformations were nearly identical in
the 14-3-3β/α and γ cocomplexes (Fig. 4 D, E, and I and SI
Appendix, Fig. S9), providing a structural explanation for the
conserved O-GlcNAc binding property of 14-3-3 isoforms (Fig.
4A). Remarkably, the bound O-GlcNAc moiety is essentially su-
perimposable on the O-phosphate group of prior phosphopeptide-
bound structures of 14-3-3, with similar residues contacting both
PTMs, despite their considerable steric and electronic differences
(Fig. 4F).
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Fig. 3. Candidate reader proteins bind O-GlcNAcylated substrates in human
cells. (A) 293T cells were transfected with mCherry, mCherry-Ser-bait-myc,
or mCherry-Ala-bait-myc. Lysates were analyzed by anti-myc IP and IB.
(B) 293T cells were transfected as in A, incubated 24 h, and treated with vehicle,
50 μM 5SGlcNAc (OGT inhibitor), or 50 μM Thiamet-G (OGA inhibitor) for 6 h.
Lysates were analyzed by anti-myc IP and IB. The EBP1 and pan-14-3-3 signal
in each IP lane was quantified and expressed as a percentage of the signal
from the corresponding input sample (noted directly beneath each IB).
(C) AGX1(F383G)-expressing HeLa cells (40) were treated with GlcNDAz
precursor and ultraviolet (or not, negative control). Lysates were analyzed by
anti-O-GlcNAc IP, SDS/PAGE, and silver stain. Gel slices of defined MW ranges
were analyzed by spectral index quantitation MS proteomics (74). Graph
depicts selected proteins identified in the 100–200-kDa gel region and
enriched more than fivefold in the +UV sample versus the −UV (control)
sample. Y-axis indicates protein abundance, as quantified by mean ion
current (MIC). X-axis indicates the ratio (fold-enrichment) of each protein
in the +UV/−UV samples. Proteins identified in the +UV sample but absent
from the −UV control are denoted as ∞ enrichment. Axis breaks indicate scale
changes only. See also SI Appendix, Fig. S5. (D) AGX1(F383G)-expressing
293T cells were transfected with vector or HA-14-3-3β/α or γ, treated as
indicated, and UV-irradiated. Lysates were analyzed by anti-HA IB. Squares,
uncrosslinked 14-3-3. Arrows, 14-3-3 crosslinks (i.e., O-GlcNAc-mediated
interactions).
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We next used our structures to design mutations that uncouple
the O-GlcNAc and O-phosphate binding properties of 14-3-3.
Mutating R57, R132, or Y133 (14-3-3γ numbering) to glutamate
is known to abolish phospho-ligand binding because of electro-
static repulsion (55, 56). We reasoned that these mutants might
still bind uncharged O-GlcNAc moieties. Indeed, the R57E,
R132E, and Y133E 14-3-3γ mutants selectively bound glyco-
peptides in pulldown and FA experiments (Fig. 4G and H and SI
Appendix, Fig. S6) comparably to wild type (Fig. 2). Further-
more, we obtained the structure of a 14-3-3γ R57E-glycopeptide
complex, which confirmed that O-GlcNAc binding is preserved
without significant conformational changes (Fig. 4I). In a re-
ciprocal experiment, we created N178Y and V181W mutants,
which we predicted would not bind O-GlcNAc, hypothesizing
that the bulkier tyrosine or tryptophan residue would steri-
cally disrupt the key contacts made by N178 and V181 to the

glycopeptide (Fig. 4 D and E). Indeed, both N178Y and V181W
14-3-3γ failed to bind O-GlcNAcylated ligands in a pulldown
assay (Fig. 4G). Together, these results provide biochemical and
structural insights into selective, O-GlcNAc-mediated protein–
protein interactions, and reveal the biophysical basis of glycan
binding by 14-3-3 proteins, a property distinct and separable from
O-phosphate binding.
Finally, we leveraged our structural and mutagenesis data to

further investigate the relationship between 14-3-3 and O-
GlcNAc signaling in human cells. Consistent with an earlier re-
port (57), we found that expressed wild-type 14-3-3γ was broadly
distributed throughout the nucleus and cytoplasm, whereas the
R57E and Y133E 14-3-3γ mutants, which bind O-GlcNAc (Fig. 4
G–I and SI Appendix, Fig. S6) but not O-phosphate (55, 56), localize
specifically to the nucleus (SI Appendix, Fig. S11). Moreover, both
mutants were dispersed throughout the cell on treatment with either

A

D E

F G

H I

B C

Fig. 4. Structural basis of O-GlcNAc recognition by 14-3-3 proteins. (A) 293T extracts were analyzed by glycopeptide pulldown and IB. (B and C) Recombinant-
purified 14-3-3 proteins were analyzed by glycopeptide pulldown and IB (B) or FA (C). (D and E) Structures of 14-3-3γ (cyan) (D) or 14-3-3β/α (rose) (E) bound to
glycopeptide (yellow peptide, green O-GlcNAc). Lines indicate protein-glycopeptide hydrogen bonds (Left), and blue mesh indicates the initial Fo-Fc map,
calculated before glycopeptide addition, contoured at 2.9 σ (14-3-3γ) or 2.5 σ (14-3-3β/α) (Right). (F) Overlay of 14-3-3γ-glycopeptide (from D) and 14-3-3γ-
phosphopeptide from tyrosine hydroxylase (magenta protein, red phosphopeptide; PDB 4J6S) (75). O-GlcNAc and O-phosphate moieties are highlighted by
transparent surfaces. (G) Recombinant-purified wild-type or R57E, Y133E, N178Y, or V181W mutant 14-3-3γ was analyzed by glycopeptide pulldown and IB.
(H) 14-3-3γ R57E binding to glycopeptide was analyzed by FA. (I) Overlays of structures of 14-3-3γ (cyan), 14-3-3β/α (green), and 14-3-3γ R57E (magenta),
displaying nearly identical modes of glycopeptide binding.
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of two structurally unrelated small molecule OGT inhibitors (SI
Appendix, Fig. S11), suggesting that their localization depends on
endogenous glycosylated (but not phosphorylated) nuclear ligands.
These data further support a role for 14-3-3 as O-GlcNAc reader
proteins in live human cells.

Discussion
Despite their importance, the biochemical mechanisms of O-
GlcNAc signaling remain incompletely understood. To address
this knowledge gap, we tested the hypothesis that the O-GlcNAc
modification is specifically recognized by mammalian reader
proteins. Several pioneering studies from the Lefebvre group
previously reported that Hsp70 family chaperones bind GlcNAc-
agarose resin and associate with O-GlcNAcylated mammalian
proteins in a nutrient- and stress-responsive manner (58–62).
However, whether Hsp70 chaperones or other human proteins
serve as direct and specific O-GlcNAc-binding readers remained
unclear.
Our results demonstrate that diverse human proteins bind O-

GlcNAcylated substrates directly and selectively. For example,
α-enolase binds O-GlcNAcylated substrates (Figs. 1–3) and is
itself O-GlcNAcylated (8), indicating that glycosylation may
govern glycolysis through regulated protein–protein interactions.
In support of this possibility, our glycopeptide pulldowns enriched
several glycolytic and pentose phosphate pathway enzymes (SI
Appendix, Fig. S1C), consistent with the well-documented role
of O-GlcNAc signaling in nutrient sensing (1, 2). Similarly,
EBP1 binds O-GlcNAcylated ligands (Figs. 1–3) and interacts
with known OGT substrates, including the transcriptional regulators
E2F1 and Sin3A (63–65), suggesting that O-GlcNAcylation may
influence ErbB3 signaling through regulated multiprotein complexes
of EBP1. The structural basis and functional consequences of
O-GlcNAc binding by α-enolase and EBP1 are currently under
investigation.
The 14-3-3 isoforms, also identified in our screen as O-

GlcNAc binders, play central roles in many physiological pro-
cesses, including mitogenic signaling, cell cycle progression, and
cell death (17, 27, 28). Our biophysical studies with 14-3-3 pro-
vide structures of O-GlcNAc-mediated protein–protein in-
teraction, lending insight into the signaling mechanisms of 14-3-3
and O-GlcNAc alike. On the basis of these results, we suggest
that 14-3-3 proteins are well-suited to serve as general O-
GlcNAc readers. Our structures reveal that the amphipathic
groove of 14-3-3 is especially well equipped to bind the Pro-Val-
Ser/Thr motif (Fig. 1A and SI Appendix, Fig. S3) present in
hundreds of natural OGT substrates (37, 38). Specifically, the
proline in this glycopeptide motif occupies a shallow hydropho-
bic pocket of 14-3-3 that likely would not tolerate large or polar
side chains (Fig. 4 and SI Appendix, Fig. S9). Similarly, the valine,
although surface exposed, lies near the conserved L225 and the
Cβ atoms of D228 and N229 (14-3-3γ numbering), making sev-
eral favorable contacts (Fig. 4 and SI Appendix, Fig. S9). Im-
portantly, specific 14-3-3 residues, (e.g., D129, N178, and E185,
14-3-3γ numbering) participate in O-GlcNAc binding but not O-
phosphate binding (Fig. 4 and SI Appendix, Fig. S9), consistent
with our observation that the O-GlcNAc and O-phosphate
binding properties of 14-3-3 isoforms are genetically separable
(Fig. 4 G–I and SI Appendix, Fig. S9) (55, 56). Our results also
demonstrate that multiple 14-3-3 isoforms from different mam-
malian species bind Ser- and Thr-O-GlcNAc moieties specifically
and directly (Figs. 2–4 and SI Appendix, Figs. S2–S4), likely
through nearly identical biophysical contacts (Fig. 4I and SI
Appendix, Fig. S9). Therefore, the amphipathic groove of mam-
malian 14-3-3 isoforms is an evolutionarily conserved O-GlcNAc-
binding protein module, in addition to its well-established
O-phosphate-binding role.
O-GlcNAc and O-phosphate often compete for identical or

nearby residues on numerous substrates, producing a complex
functional interplay between these PTMs (1, 29–33). Our results
raise the possibility that 14-3-3 isoforms act as bifunctional
reader proteins of specific O-GlcNAcylated or phosphorylated

ligands. Moreover, because 14-3-3 isoforms homo- and hetero-
dimerize (17, 27, 28), the two amphipathic grooves of a single
14-3-3 dimer could conceivably bind one O-GlcNAc and one O-
phosphate, respectively, when interacting with the many proteins
known to be both phosphorylated and glycosylated (1, 29–33).
Indeed, some native binding partners of 14-3-3 are phosphory-
lated at multiple sites, providing both high- and lower-affinity
phospholigands for binding 14-3-3 dimers, permitting combina-
torial tuning of cell signaling through multiple PTMs on a single
protein (52, 66, 67). We speculate that O-GlcNAc moieties may
similarly serve as high- or lower-affinity 14-3-3 binding sites,
perhaps in combination with phosphorylation sites, on endoge-
nous human proteins. Testing these hypotheses will be an im-
portant goal for future studies.
The natural O-GlcNAcylated binding partners of 14-3-3 pro-

teins remain to be identified. However, our proteomics results
revealed several known endogenous nuclear glycoproteins in the
same GlcNDAz-crosslinked, high-molecular-weight complexes
as endogenous 14-3-3 (Fig. 3C and SI Appendix, Fig. S5). Im-
portantly, the chemical mechanism and short crosslinking radius
of the GlcNDAz reagent ensure that these in vivo interactions
are mediated by direct binding to glycans (40). These data sug-
gest that 14-3-3 may exploit high O-GlcNAc ligand avidity to
bind directly to heavily glycosylated nucleoporins or other nuclear
OGT substrates (68–70). Consistent with this hypothesis, our
microscopy experiment with wild-type and nonphosphobinding
mutants of 14-3-3γ also suggest that 14-3-3 proteins bind en-
dogenous nuclear O-GlcNAc moieties in human cells (SI Ap-
pendix, Fig. S11).
Characterization of the major O-GlcNAcylated binding part-

ners of 14-3-3 will likely require extensive proteomic and cell
biological efforts. As a first step toward this goal, we cloned wild-
type and R57E mutant 14-3-3γ with tandem HA and Halo tags
and performed GlcNDAz crosslinking in 293T cells. Consistent
with our prior results (Fig. 3 C and D), wild-type HA-Halo-14-3-
3γ crosslinked in a GlcNDAz-specific fashion (SI Appendix, Fig.
S12). Importantly, R57E mutant HA-Halo-14-3-3γ exhibited
GlcNDAz crosslinking nearly identical to that of wild-type pro-
tein (SI Appendix, Fig. S12), further reinforcing the conclusion
that 14-3-3γ binds endogenous OGT substrates in a phosphory-
lation-independent manner. In future work, we anticipate that
HA-Halo-14-3-3 constructs will allow stringent affinity purifica-
tion and proteomic analyses of GlcNDAz-crosslinked proteins,
revealing the major endogenous O-GlcNAcylated ligands of
14-3-3.
In summary, we report the systematic identification of candi-

date reader proteins that bind O-GlcNAc directly and specifically.
In addition, our structures of 14-3-3/glycopeptide complexes pro-
vide a biophysical characterization of an O-GlcNAc-mediated
interaction, laying the groundwork for future functional studies.
The biochemical and structural characterization of reader proteins
of other PTMs has greatly advanced our understanding of cell
signaling (17, 18, 71–73). We expect that our results will similarly
facilitate new analyses of 14-3-3 proteins and other candidate
O-GlcNAc readers in a wide range of biological contexts.

Materials and Methods
Full proteomics datasets are available in Datasets S1–S5. X-ray crystal struc-
tures have been deposited in the Protein Data Bank under ID codes 6BYJ,
6BYK, 6BZD and 6BYL.

Additional details are available in the SI Appendix, Supporting Materials
and Methods.
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Supporting Materials and Methods 

 

 Mammalian cell culture - 293T, HT1080, HeLa, U2OS and wild type mouse 

embryonic fibroblast (MEF) cells were maintained in Dulbecco’s Modified Eagle’s Media 

(Sigma), and Jurkat cells in RPMI-1640 media (Sigma), all supplemented with 10% fetal 

bovine serum, 100 units/ml penicillin and 100 µg/ml streptomycin and kept at 37 °C with 

5% CO2.  

 

 OGT expression and purification – The pET24 C-terminal His-tagged OGT 

expression construct was a gift from Suzanne Walker (Harvard Medical School). OGT-

His was prepared essentially as described (1), with induction of BL21 E. coli cultures 

(OD600 = 1.1-1.3) using 0.2 mM IPTG overnight at 16 °C and harvesting with Bugbuster 

lysis reagent (50 ml/L culture), rLysozyme (30 KU/L), Benzonase (625 KU/L) (Novagen), 

40 mM imidazole, pH 7.7 and 1 mM DTT with protease inhibitor cocktail (Sigma). Debris 

from lysates was cleared by centrifugation. OGT was captured from the supernatant by 

HisPur Nickel-NTA resin (Thermo), washed and eluted in 250 mM imidazole, pH 7.7 

and 250 mM NaCl followed by buffer exchange with Zeba Spin desalting columns 

(Thermo) into OGT reaction buffer (12.5 mM MgCl2, 20 mM Tris-HCl, pH 7.2 and 1 mM 

β-mercaptoethanol). OGT was quantified by bicinchoninic (BCA) assay and stocks of 

800 µg/ml with 20% glycerol were aliquoted and stored at -80 ºC. 

 

 Glycopeptide and phosphopeptide preparation – Bait glycopeptide 

sequences were derived from 802 mapped Ser-O-GlcNAc sites or 676 Thr-O-GlcNAc 
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sites available from PhosphoSitePlus (www.phosphosite.org) (2-4). All sequences were 

aligned and peptide logos were generated via online PhosphoSitePlus tools. 20-mer 

peptides were synthesized untagged (for crystallization), with a C-terminal polyethylene 

glycol linker and biotin tag (for glycopeptide pulldowns), or a C-terminal 5-

carboxyfluorescein tag (for FA) by the High-Throughput Peptide Synthesis and Array 

Facility at the University of North Carolina at Chapel Hill (UNC HTPSAF), 

ChinaPeptides or Eton Biosciences. To glycosylate 20-mer peptides, O-GlcNAcylation 

reactions were carried out using 10 µg (125 µM) peptide, 3.2 µg OGT and 62.5 µM 

UDP-GlcNAc (Sigma) in a total volume of 40 µl OGT reaction buffer for 24 hr at 37 ºC. 

Bulk peptide reactions required for crystallization were scaled up proportionally with no 

other changes. Mock reactions were performed as above but without OGT or without 

UDP-GlcNAc. After reaction, glycopeptides were purified by C18 reverse phase 

columns (The Nest Group) according to the manufacturer’s instructions, then 

exchanged into PD buffer (10 mM Tris-HCl, pH 7.5, 140 mM KCl, 5 mM NaCl, 5 mM 

MgCl2, 0.15 mM CaCl2, 1 mM EDTA and 0.5% NP-40, plus fresh 1 mM DTT and 

protease inhibitor cocktail) via Zeba Spin desalting columns according to the 

manufacturer’s instructions (Thermo). Peptide glycosylation was verified by MALDI-MS 

(Voyager DE-Pro, Applied Biosystems). The fully synthetic 12-mer serine glycopeptide 

was prepared using Fmoc-L-Ser(b-D-GlcNAc(Ac)3)-OH (Glycosyn) and standard 

methods by the UNC HTPSAF. The CFTR- and Snail-derived phosphopeptides for FA 

were prepared via standard methods by the UNC HTPSAF. Analytical data for all 

peptides, glycopeptides and phosphopeptides are given in Fig. S1A. 
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 High-resolution MS site-mapping of bait glycopeptide – To localize O-

GlcNAc on the 20-mer biotinylated Ser-O-GlcNAc peptide, purified glycopeptide was 

diluted to 10 µM in 50% acetonitrile/0.1% formic acid, pH 3.0. The sample was directly 

infused through a 150 µm ID fused silica capillary into a Waters Synapt G2 HDMS 

QToF mass spectrometer equipped with an electrospray ionization interface. Solvent 

flow rate was set to 500 nl/min and data were acquired for approximately three minutes 

in positive ionization electron transfer dissociation (ETD) mode. The ETD reagent was 

4-nitrotoluene and glow discharge was set to 50 uA with a source temperature of 80 ºC. 

High-energy ETD MS/MS scans of 0.5 s from m/z 50-2000 were manually acquired for 

+3 charge states of modified and non-modified precursor ions. Spectra were summed 

and deconvoluted for manual annotation. Micromass (.PKL) files were generated and 

submitted to Mascot database searches for additional verification of O-GlcNAc 

localization. Spectral data are provided in Fig. S1B. 

 

 Preparation of mammalian cell extracts for purification of O-GlcNAc-

binding proteins – 293T, HT1080, Jurkat or MEF cells were suspended 10 mM 

HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl and 0.5 mM DTT with protease inhibitor 

cocktail. After 5 min on ice, suspensions were Dounce-homogenized and centrifuged at 

228 x g for 5 min. The supernatant was saved as the cytosolic fraction. Pellets were 

suspended in 250 mM sucrose with 10 mM MgCl2, then placed over an 880 mM 

sucrose/500 µM MgCl2 cushion and centrifuged at 2800 x g for 10 min at 4 °C. Nuclear 

pellets were lysed in PD buffer via probe sonication. Cytosolic fractions were 

supplemented with PD buffer components and then exchanged into PD buffer using 
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Micro Bio-Spin columns with Bio-Gel P6 according to the manufacturer’s instructions 

(Bio-Rad). 

 

 Glycopeptide pulldowns – For all glycopeptide pulldowns, 30 µl of washed 

NeutrAvidin agarose (Thermo)-bound glycopeptide (or non-glycosylated peptide, as a 

control) were added to each sample and incubated at 4 °C overnight with rotation. 

Beads were washed three times in PD buffer and then eluted in PD buffer plus 1 M 

GlcNAc for 30 min at room temperature. For pulldown assays with WGA, 1 µg of FITC-

WGA (Sigma) was incubated with peptides in 500 µl PD buffer, with or without 105 µg/µl 

bovine serum albumin. Eluted material was analyzed by SDS-PAGE and fluorescence 

scanning via a GE Typhoon 9200 flatbed scanner and ImageQuant 5.2 software. For 

large-scale peptide pulldowns to identify candidate O-GlcNAc reader proteins, 30 flasks 

or dishes of 293T, Jurkat or HT1080 cells were harvested and nuclear and cytoplasmic 

extracts were prepared. Extract protein concentrations were quantified by BCA assay 

and normalized to 1 mg/ml. Pulldown and wash components/volumes were scaled up 

proportional to the amount of protein in each sample. 10% of eluted material was 

analyzed by SDS-PAGE and silver stain according to manufacturer’s protocol 

(Invitrogen). The remainder of each sample was analyzed by MS proteomics. For 

pulldowns using recombinant-purified proteins, 10 µg of target proteins were used in 

500 µl PD buffer.    

 

 MS proteomic identification of candidate O-GlcNAc reader proteins – 

Eluates of peptide pulldowns from human cell extracts were briefly run into a 4-12% 
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SDS-PAGE gel and the entire molecular weight region was excised and subjected to an 

in-gel reduction, iodoacetamide alkylation, and trypsin digestion as described (5). 

Extracted peptides were lyophilized to dryness and then resuspended in 20 µl 2% 

acetonitrile, 0.1% formic acid prior to LC-MS/MS analysis. Chromatographic separation 

was performed on a Waters NanoAcquity UPLC equipped with a 1.7 µm BEH130 C18 75 

µm ID X 250 mm reversed-phase column. The mobile phase consisted of (A) 0.1% 

formic acid in water and (B) 0.1% formic acid in acetonitrile. Following a 4 µl injection, 

peptides were trapped for 5 min on a 5 µm Symmetry C18 180 µm ID X 20 mm column 

at 5 µl/min in 99.9% A. The analytical column was then switched in line and a linear 

elution gradient of 5% B to 40% B was performed over 90 min at 300 nl/min. The 

analytical column was connected to a fused silica PicoTip emitter (New Objective) with 

a 10 µm tip orifice and coupled to a Waters Synapt G2 HDMS mass spectrometer 

through an electrospray interface. The instrument was operated in data-dependent 

acquisition mode, with precursor MS scans from m/z 50-2000 and the top three most 

abundant precursor ions being subjected to MS/MS fragmentation. For all experiments, 

charge-dependent collision-induced dissociation energy settings were employed and a 

120-sec dynamic exclusion was employed for previously fragmented precursor ions. 

 Raw LC-MS/MS data files were processed in Mascot distiller (Matrix Science) 

and then submitted to independent Mascot database searches against a SwissProt 

database (taxonomy Homo sapiens) appended with the reverse sequence of all forward 

entries. Search tolerances were 20 parts per million for precursor ions and 0.04 Da for 

product ions using trypsin specificity with up to two missed cleavages. 

Carbamidomethylation (+57.0214 Da on Cys) was set as a fixed modification and 
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oxidation (+15.9949 Da on Met) set as a variable modification. All searched spectra 

were imported into Scaffold (Proteome Software) and protein confidence thresholds 

were determined using a Bayesian statistical algorithm based on the PeptideProphet 

and ProteinProphet algorithms, yielding a peptide and protein false discovery rate < 1% 

(6, 7).  

 

 Immunoblotting (IB) and immunoprecipitation (IP) – For IBs, samples were 

separated by SDS-PAGE, electroblotted onto PVDF membranes, probed with 

appropriate antibodies, and detected via enhanced chemiluminescence (Advansta) 

using standard methods. The following primary antibodies were used: Anti-O-GlcNAc 

RL2 (Santa Cruz sc-59624), anti-14-3-3 sampler kit (Cell Signaling 9769), anti-α-

enolase (Santa Cruz sc-100812), anti-importin-β1 (Thermo MA3-070), anti-importin-5 

(Santa Cruz sc-11369), anti-EBP1 (Bethyl A303-084A), anti-myc 9E10 (Santa Cruz sc-

40), anti-pan-14-3-3 (Santa Cruz sc-629), anti-HA (Sigma H3663), anti-tubulin (Sigma 

T6074) and anti-Nup62 (BD Biosciences 610498). The following horseradish 

peroxidase-conjugated secondary antibodies were used: Goat anti-rabbit (Southern 

Biotech 4030-05) and goat anti-mouse (Southern Biotech 1030-05). For IPs, samples 

were normalized to 1 mg/ml total protein, 2 µg of primary antibody were added, and 

samples were rotated overnight at 4 ºC. Then, IP-ed proteins were captured via a 2 hr 

incubation with washed UltraLink protein-A/G-Sepharose (Thermo) at room 

temperature, washed 3-5 times, and eluted by boiling in SDS-PAGE sample buffer. 
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 Bacterial expression and purification of candidate O-GlcNAc reader 

proteins – A pTRC-10xHis-maltose binding protein (MBP)-protein phosphatase 1 (PP1) 

plasmid, with a tobacco etch virus (TEV) cleavage site following the His-MBP tag, was 

provided by Pei Zhou (Duke University). Human 14-3-3z/d, a-enolase and EBP1 cDNAs 

were PCR-amplified from normal human brain cDNA (Invitrogen) with primers 

containing BamHI and EcoRI sites for subcloning to replace PP1. (The intact PP1 

construct was also used as a negative control in some experiments, as indicated.) 

Constructs for N-terminally His-tagged 14-3-3b/a and g were obtained from Addgene 

(catalog numbers 39128 and 36903, respectively). 14-3-3g mutants were created from 

the wild type expression construct via site-directed mutagenesis using Agilent online 

primer design tools, oligonucleotides synthesized by IDT, and Phusion polymerase 

according to the manufacturer’s instructions (Thermo).  

 For small-scale preparations of candidate reader proteins, producer BL21 E. coli 

were grown and induced as above, followed by lysis with a microfluidizer (Microfluidics) 

in 25 mM Tris-HCl, pH 7.5, 300 mM NaCl, 5% glycerol and protease inhibitor cocktail. 

Following centrifugation, supernatants were purified by Ni-NTA, washed and eluted. For 

TEV-MBP-tagged constructs, proteins were exchanged into TEV cleavage buffer (25 

mM Tris-HCl, pH 8.0, 150 mM NaCl, 10% glycerol and 5 mM DTT) using Zeba Spin 

desalting columns (Thermo). His-MBP tags were cleaved by incubation with 2 µg His-

TEV protease per 10 µg target protein at 30 °C for 1 hour, and His-TEV and His-MBP 

were removed via Ni-NTA. Proteins were analyzed for cleavage and purity by SDS-

PAGE and Coomassie staining and exchanged into PD buffer (for peptide pulldowns) or 
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PD buffer lacking NP-40 (for FA). Proteins were concentrated using Amicon Ultra-4 

centrifugal filters (Millipore) and quantified by BCA assay.  

 

 Fluorescence anisotropy (FA) – To measure O-GlcNAcylated peptide or 

phosphopeptide binding, target proteins were titrated into a binding reaction containing 

1 nM of the appropriate peptide with a 5-carboxyfluoroscein tag (Fig. S1A). FA 

experiments were carried out at 25 °C in 300 mM NaCl and 25 mM Tris HCl pH 7.5. 

Plotted data were fit using a hyperbolic function by nonlinear least squares regression 

analysis in KaleidaGraph to calculate binding affinities.   

 

 Human cell transfections - Transfections were performed using 3 µl TransIT-

293T reagent (Mirus Bio) per 1 µg DNA in Opti-MEM (Gibco) according to the 

manufacturer’s instructions. Reagent amounts were proportionally scaled up or down 

according to the number of cells to be transfected in each experiment. 

 

 Chemicals - Thiamet-G was synthesized as described (8) by the Duke Small 

Molecule Synthesis Facility (DSMSF). Ac45SGlcNAc (“5SGlcNAc”) was synthesized as 

described (9) and was a gift of Benjamin Swarts, Central Michigan University. 

Ac3GlcNDAz-1P(Ac-SATE)2 (“GlcNDAz precursor”) was synthesized in-house or by the 

DSMSF as described (10). OSMI-1 was synthesized as described (11) and was a gift of 

Suzanne Walker, Harvard Medical School. All other chemicals were purchased from 

Sigma unless otherwise noted.  
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 Mammalian expression plasmid construction – Expression constructs of HA-

tagged 14-3-3g or b/a were obtained from Addgene (catalog numbers 13274 and 

13270, respectively). Point mutants of 14-3-3g were created from the wild type 

expression construct via site-directed mutagenesis using Agilent online primer design 

tools, oligonucleotides synthesized by IDT, and Phusion polymerase according to the 

manufacturer’s instructions (Thermo). HA-Halo-tagged 14-3-3 constructs were 

generated by subcloning the appropriate HA-14-3-3 open reading frame into a HaloTag 

destination vector (Promega) using standard methods. To generate the bait peptide 

constructs for mammalian expression, complementary oligonucleotides encoding either 

the original bait sequence or the serine®alanine replacement version, plus flanking 

XhoI and EcoRI sticky ends, were ordered (IDT) and annealed by mixing, boiling and 

slow-cooling. Then, a pGFP-C1-myc-His vector was digested with XhoI and EcoRI and 

ligated with the annealed primers using standard methods. The bait-myc-6xHis tag was 

then subcloned using the same sites into a pmCherry-C1 vector via standard methods 

to yield mCherry-bait-myc constructs. 

 

 GlcNDAz crosslinking and proteomic identification of crosslinked proteins 

- HeLa cells stably expressing AGX1(F383G) were cultured with Ac3GlcNDAz-1P(Ac-

SATE)2 (100 μM) for 20 hr in serum-free, low-glucose (1 g/L) DMEM and then harvested 

and resuspended in phosphate-buffered saline. Samples were divided in half, and one 

half was irradiated with 365 nm UV light for 25 min on ice, while the other half was kept 

on ice in the dark. All samples were lysed in RIPA buffer (50 mM Tris-HCl pH 8.0, 150 

mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM PMSF, protease 
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inhibitor cocktail) and protein concentrations were determined by BCA assay. Then, 6 

mg of total lysate protein per sample were pre-cleared with protein-G Sepharose beads 

(Fast Flow, Sigma) for 1 hr and subjected to IPs with anti-O-GlcNAc RL2 antibody (2 

μg/mg of protein) overnight at 4 ºC. The next day, IPs were captured with protein-G 

Sepharose for 3 hr and washed five times with RIPA buffer. Proteins were eluted with 

2× loading dye (95 °C, 7 min), separated by SDS-PAGE, and analyzed by silver stain. 

Gel slices corresponding to > 200 kDa or ~100-200 kDa were cut for each control and 

UV-irradiated sample.  

 Proteomic analysis of crosslinked samples was performed at the University of 

Texas Southwestern Medical Center Proteomics Facility.  Gel slice samples were 

digested overnight with trypsin (Promega) following reduction and alkylation with 

dithiothreitol and iodoacetamide (Sigma). Extracted peptides underwent solid-phase 

extraction cleanup with an Oasis HLB plate (Waters) and the resulting samples were 

analyzed by LC/MS/MS using a Q Exactive mass spectrometer (Thermo) coupled to an 

Ultimate 3000 RSLC-Nano liquid chromatography system (Dionex). Samples were 

injected onto a 75 μm i.d., 50 cm-long column packed in-house with a reverse-phase 

material ReproSil-Pur C18-AQ, 3 μm resin (Dr. Maisch GmbH, Ammerbuch-Entringen, 

Germany), and eluted with a gradient from 0-25% Buffer B over 60 min. Buffer A 

contained 2% (v/v) acetonitrile (ACN) and 0.1% formic acid in water, and Buffer B 

contained ACN with 0.1% formic acid. The mass spectrometer operated in positive ion 

mode with a source voltage of 2.4 kV, capillary temperature of 250 °C, and S-lens RF 

level at 60.0%. MS scans were acquired at 70,000 resolution and up to 20 MS/MS 
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spectra were obtained for each full spectrum acquired using higher-energy collisional 

dissociation (HCD) for ions with charge ≥ 2. 

 Raw MS data files were converted to a peak list format and analyzed using the 

Central Proteomics Facilities Pipeline, version 2.0.3 (12, 13). Peptide identification was 

performed using the X!Tandem (14) and open MS search algorithm (OMSSA) (15) 

search engines against the human protein database from Uniprot, with common 

contaminants and reversed decoy sequences appended (16). Fragment and precursor 

tolerances of 20 ppm and 0.1 were specified, and three missed cleavages were 

allowed. Carbamidomethylation of Cys was set as a fixed modification and oxidation of 

Met was set as a variable modification. Label-free quantitation of proteins across 

samples was performed using SINQ normalized spectral index software and mean ion 

current quantitation as described (17). 

 

 Large-scale purification of 14-3-3 proteins and co-crystallization with 

glycopeptides – Constructs encoding His-tagged 14-3-3b/a and 14-3-3g were obtained 

from Addgene, as noted above. 14-3-3g R57E was created by site-directed mutagenesis 

as described above. Expression of all proteins was carried out at 37 °C for 3 hr. 

Expressed proteins were purified from the soluble cell lysate in one step via Ni-NTA 

affinity chromatography. Briefly, the 14-3-3-containing lysates were loaded onto a Ni-

NTA column and washed with five column volumes of buffer A (25 mM Tris pH 7.5, 300 

mM NaCl, 5% glycerol) and eluted with 300-1000 mM imidazole in buffer A. The 

proteins were concentrated in 30 kDa cutoff microconcentrator filters prior to 

crystallization trials and biochemical studies.  
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 For crystallization experiments, glycopeptides were added to a final 

concentration of 10 mM to 14-3-3 proteins at 50 mg/ml. Crystals of 14-3-3g in complex 

with the 20-mer Ser-O-GlcNAc glycopeptide, TSTTATPPV(S-O-

GlcNAc)QASSTTTSTW, were obtained using the hanging drop vapor diffusion method 

by mixing the protein-peptide complex 1:1 with 29% PEG 4000, 200 mM sodium 

acetate, 0.1 M Tris pH 8.5. Tetragonal crystals grew to maximum size within one week. 

Crystals could be cryo-preserved from the drop, but the resolution was enhanced from 

3.5 Å to 2.9 Å by a dehydration process in which the crystals were dragged to the side 

of the drop to remove the liquid and then immediately placed in the cryo-stream. 

Crystals of 14-3-3b/a in complex with the 12-mer Ser-O-GlcNAc glycopeptide, 

ATPPV(S-O-GlcNAc)QASSTT, were obtained using the hanging drop vapor diffusion 

method by mixing the protein-peptide complex 1:2 with 30% PEG 4000, 200 mM 

sodium acetate, 0.1 M Tris pH 8.5. Plate-like crystals grew within two weeks. Crystals 

were cryo-preserved directly from the drop. 14-3-3g R57E was concentrated to 50 

mg/ml and mixed with the 20-mer glycopeptide to a final concentration of 10 mM for 

crystallization. Crystals were obtained by mixing this complex 1:1 with a reservoir 

composed of 25% PEG-4000, 0.2 M MgCl2, 0.1 M Tris pH 8.5, 20% glycerol. Crystals 

grew to final size within a week and were cryo-preserved directly from the drop. Crystals 

of 14-3-3g in complex with the 20-mer Thr-O-GlcNAc glycopeptide, TSASTTVPV(T-O-

GlcNAc)TATTTTTSTW, were obtained via hanging drop vapor diffusion by mixing the 

protein-peptide complex 1:1 with 31% PEG 4000, 200 mM sodium acetate, 0.1 M Tris 

pH 8.5. Tetragonal crystals were obtained that grew to a maximum size within one 

month. Crystals were cryo-preserved from the drop. 
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 X-ray intensity data were collected for all crystals at Advanced Light Source 

beamline 8.3.1 (Berkeley, CA) and processed with MOSFLM. Phaser was used to solve 

the 14-3-3b/a and 14-3-3g structures by molecular replacement (MR) using as search 

models 4DNK and 3UZD, respectively (18-22). The resultant structures were refined in 

Phenix until convergence, and validated using MolProbity (23, 24). 14-3-3 proteins are 

dimers (25, 26), and the 14-3-3g-Ser-O-GlcNAc peptide structure has three 14-3-3 

dimers in the crystallographic asymmetric unit (ASU), with clear density observed for 13, 

7 and 6 residues of the glycopeptide bound to three subunits. Density was present for 

the peptides bound in the other three subunits but was too weak to unambiguously 

construct. The 14-3-3b/a-peptide structure has two 14-3-3 dimers in the ASU and 

density was observed for all 4 glycopeptides; 9 residues are evident in two subunits, 8 

in one subunit and 7 in the other subunit. The 14-3-3g R57E-glycopeptide structure was 

solved by MR using 3UZD as a search model and refined with Phenix. This structure 

contains two 14-3-3 dimers in the ASU and density was observed for 11 residues of two 

glycopeptides. Electron density was present but weak for the peptides in the other 

subunits. The 14-3-3g-Thr-O-GlcNAc peptide structure was solved by MR using the 14-

3-3g-Ser-O-GlcNAc peptide structure as a search model and has three 14-3-3 dimers in 

the ASU. Clear density was observed for 12, 8 and 5 residues for three glycopeptides. 

Density was present for the peptides bound in two of the other subunits but could not be 

unambiguously constructed. The MolProbity scores ranked the 14-3-3g-Ser-O-GlcNAc 

peptide, 14-3-3b/a-glycopeptide, 14-3-3g R57E-glycopeptide and 14-3-3g-Thr-O-GlcNAc 

peptide structures in the 100%, 100%, 82% and 100% of structures solved to similar 

resolutions. See Fig. S10 for all relevant data collection and refinement statistics. 



 15 

Structure factor amplitudes and coordinates have been deposited in the Protein 

Databank under the accession codes 6BYJ (14-3-3g-Ser-O-GlcNAc peptide), 6BYK (14-

3-3b/a-glycopeptide), 6BZD (14-3-3g R57E-glycopeptide) and 6BYL (14-3-3g-Thr-O-

GlcNAc peptide). 

 

Immunofluorescence – U2OS cells were rinsed twice with 37 ºC PBS and fixed 

with 1% formaldehyde (Sigma) in PBS for 10 minutes. Cells were permeabilized with 

PBS containing 0.1% Triton X-100 (Sigma) for 10 minutes and blocked with PBS 

containing 5% BSA (Equitech-Bio) and 0.1% Triton X-100. Both a mouse antibody 

against O-GlcNAc (RL2) and a rat antibody against HA (clone 3F10, Roche) were 

diluted in PBS containing 5% BSA and 0.1% Triton X-100 and incubated with the 

samples overnight at 4 °C. After five PBS washes, goat anti-mouse (H+L) Alexa Fluor 

488- and anti-rat Alexa Fluor 594-conjugated secondary antibodies (Thermo Fisher 

Scientific) were diluted in TBST containing 5% BSA and incubated with the samples for 

1 hour at room temperature. Coverslips were washed five times with PBS and mounted 

on slides using ProLong Diamond anti-fade mounting medium with DAPI (Thermo-

Fisher). Cells were imaged using a confocal laser scanning microscope (LSM 880; 

Zeiss) equipped with an automatic stage, Airyscan detector (Hamamatsu) and diode 

(405 nm), argon ion (488 nm), double solid-state (561 nm), and helium-neon (633 nm) 

lasers. Images were acquired using a 60x/1.4 NA oil objective (Zeiss) and deconvolved 

using automatic Airyscan Processing in the Zen Software (Zeiss). 
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Supplemental Figure Legends 

 

Fig. S1. A biochemical screen for O-GlcNAc reader proteins. (A) Analytical mass 

spectra and high-performance liquid chromatography traces for custom-synthesized 

peptides, glycopeptides and phosphopeptides are provided. (B) The serine bait 

glycopeptide is singly modified at its central serine. Electron transfer dissociation 

spectra of TSTTTATPPVSQASSTTTST-biotin ([M+H3]3+) were acquired by direct 

infusion-ESI-MS/MS on a Waters Synapt G2 QToF mass spectrometer (top). Detected 

fragment ions matching predicted fragmentation patterns to within 0.04 Da are 

highlighted in blue in the predicted fragmentation map (bottom). A single O-GlcNAc 

modification was unambiguously localized to the expected serine (Ser10, indicated by 

“!!!” on the ion map) based on GlcNAc-modified C-ions detected through this region of 
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the sequence. (C) MS proteomics identifies candidate human O-GlcNAc reader 

proteins. Top hits from O-GlcNAcylated peptide enrichment experiments from human 

cells are displayed by enrichment score (see below). Glycopeptide pulldown 

experiments were performed on nuclear and cytoplasmic extracts of 293T, HT1080 and 

Jurkat cells. For each protein, the total number of unique peptides identified across all 

glycopeptide pulldown samples, and the total number of unique peptides identified 

across all non-glycosylated peptide (negative control) samples were calculated 

separately (see fourth column for peptide counts). Then, each protein was assigned an 

enrichment score (ES), defined as the ratio of total peptides from glycopeptide pulldown 

samples to total peptides from non-glycosylated peptide pulldown samples (see fifth 

column). Proteins with zero peptides across all negative control samples were assigned 

ES = ∞. Proteins were rank-ordered by ES for further inspection. To reduce false-

positives caused by low abundance or high background, proteins with seven or fewer 

identified peptides across all glycopeptide samples were eliminated from the list. To 

select for proteins with a conserved O-GlcNAc binding activity in different cell types, 

proteins identified in only a single cell type were eliminated from the list. Chart displays 

the top forty proteins, ranked by ES, after these criteria were applied. Full proteomic 

data for all samples are available as downloadable Excel files via the PNAS web site. 

 

Fig. S2. FA confirms that a-enolase and EBP1 bind O-GlcNAc directly and specifically. 

Fluorescein-labeled serine bait peptide was mock-reacted (blue or green) or O-GlcNAc-

modified (red), and binding to a-enolase (top) or EBP1 (bottom) was analyzed by FA. 
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Fig. S3. 14-3-3, a-enolase and EBP1 bind Thr-O-GlcNAc directly and specifically. (A) 

Peptide logo derived from 676 mammalian threonine-O-GlcNAc sites. (B) Thr-O-GlcNAc 

bait glycopeptide pulldowns from 293T extracts were performed and analyzed by IB, as 

in Fig. 2A. Tubulin is a negative control. (C) Recombinant-purified proteins were 

analyzed by Thr-O-GlcNAc bait glycopeptide pulldown and IB, as in Fig. 2B. Protein 

phosphatase-1 (PP1) (not enriched in any MS sample) is a negative control.  

 

Fig. S4. Murine orthologs of candidate human reader proteins bind O-GlcNAc. Ser-O-

GlcNAc bait glycopeptide pulldowns from MEF extracts were performed and analyzed 

by IB, as in Fig. 2A. Tubulin is a negative control.  

 

Fig. S5. GlcNDAz crosslinking and MS proteomics identify O-GlcNAc-mediated protein-

protein interactions of candidate reader proteins in live cells. (A) Workflow for GlcNDAz 

proteomics experiment. Briefly, AGX1(F383G)-expressing HeLa cells were treated with 

Ac3GlcNDAz-1P(Ac-SATE)2 (GlcNDAz precursor) and exposed to 365 nm UV light (or 

not, as a control). Lysates were IP-ed using RL2 anti-O-GlcNAc monoclonal antibody 

(or IgG control), separated by SDS-PAGE, and analyzed by silver stain. Slices of 

defined molecular weight ranges were excised from the gel, trypsinized, and analyzed 

by spectral index quantitation MS proteomics as described (17). (B) Silver stained gel 

from GlcNDAz proteomic experiment. Slice A molecular weight range: > 200 kDa. Slice 

B molecular weight range: ~100-200 kDa. Full proteomic data for all samples are 

available as Microsoft Excel files via the PNAS web site. 
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Fig. S6. Binding affinities for selected protein/glycopeptide interactions. Dissociation 

constants for Ser-O-GlcNAc bait glycopeptide interactions with 14-3-3b/a 14-3-3z/d and 

14-3-3g R57E, measured by FA. 

 

Fig. S7. FA analysis of 14-3-3/phosphopeptide interactions. Previously reported 14-3-3 

phosphopeptide ligands derived from human CFTR (top) (27) and Snail (bottom) (28) 

were analyzed by FA, as in Fig. 2C. For CFTR, no saturable binding was observed, with 

calculated Kd approximately equal to 2.8 ± 0.3 mM. For Snail, no binding or change in 

FA was detectable. 

 

Fig. S8. Ribbon diagram of 14-3-3g-Ser-O-GlcNAc peptide dimer. 14-3-3 subunits are 

green and yellow, and the Ser-O-GlcNAcylated peptides are purple and orange sticks. 

The O-GlcNAc moieties are highlighted as dot surfaces. 

 

Fig. S9. Structural basis of Thr-O-GlcNAc binding by 14-3-3g. (A) Structure of 14-3-3g 

(cyan) bound to Thr-O-GlcNAc glycopeptide (yellow peptide, green O-GlcNAc). Blue 

mesh indicates the initial Fo-Fc map, calculated before glycopeptide addition, contoured 

at 2.9 s. (B) Overlay of structures of 14-3-3g bound to Ser-O-GlcNAc (red) or Thr-O-

GlcNAc (cyan) glycopeptide, displaying nearly identical modes of glycopeptide binding.  

 

Fig. S10. Data collection and refinement statistics for 14-3-3g-Ser-O-GlcNAc peptide, 

14-3-3b/a-Ser-O-GlcNAc peptide, 14-3-3g R57E-Ser-O-GlcNAc peptide and 14-3-3g-

Thr-O-GlcNAc peptide complexes. 
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Fig. S11. 14-3-3 binds endogenous nuclear O-GlcNAcylated ligands. U2OS cells were 

transfected with empty vector or expression constructs encoding HA-tagged wild type 

(WT), R57E or Y133E mutant 14-3-3g, incubated for 24 hours, treated with DMSO 

vehicle or the OGT inhibitors 50 µM 5SGlcNAc for 16 hours (top) or 40 µM OSMI-1 (11) 

for 6 hours (bottom), and then fixed and stained as indicated. R57E and Y133E 14-3-

3 g, which cannot bind phosphorylated ligands, co-localize with nuclear O-GlcNAcylated 

proteins in vehicle-treated cells but disperse from the nucleus upon OGT inhibition. 

 

Fig S12. 14-3-3 binds endogenous O-GlcNAcylated ligands. AGX1(F383G)-expressing 

293T cells (10) were transfected with vector, WT or R57E HA-Halo14-3-3g constructs, 

as indicated. After 24 hours, cells were treated with DMSO vehicle or 100 µM GlcNDAz 

precursor for 48 hours, and then UV-irradiated. Lysates made in 8 M urea, 1% Triton in 

PBS were analyzed by anti-HA IB. Light and dark exposures of the same HA blot are 

given. Squares, uncrosslinked HA-Halo-14-3-3. Nup62 is a positive control for GlcNDAz 

crosslinking (10). Tubulin is a loading control.  
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Fig. S1 

A.  
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P2178 I, TSTTATPPVSQASSTTTSTW-Peg-K(5-Fam)-NH2, 5.36 mg, MW 2799.98 g/mol,  
MS OK (2821.3 Da [M+Na]+).  
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CFTR phosphopeptide 
 

 
  

P2747	I,	PTLQARRRQ-pS-VLNLMTHSVN-Peg-K(5-Fam)-NH2,	3.99	mg		
HPLC	purity	95%,	MW	3189.54,	MS	ok	
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Snail phosphopeptide 

 
  

P2746	I,	PRSFLVRFP-pS-DPRRKPNYSE-Peg-K(5-Fam)-NH2,	5.60	mg		
HPLC	purity	89%,	MW	3316.62,	MS	ok	
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B.  

  

Extended Data Figure 2

Ion map from ETD MS/MS site-mapping 
of O-GlcNAc-modified 20-mer peptide
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C.  

 

  

Top hits from O-GlcNAcylated peptide enrichment experiments from human cell extracts
Identified Protein Accession MW Peptides Found 

(control:O-GlcNAc)
ES

a-enolase ENOA 47 0:52 ꝏ
Proliferation associated protein 2G4 (EBP1) PA2G4 44 0:33 ꝏ
Ubiquitin activating enzyme 1 UBA1 118 0:29 ꝏ
14-3-3e 1433E 29 0:19 ꝏ
Pyruvate kinase PKM KPYM 58 0:15 ꝏ
T complex 1! TCPQ 59 0:14 ꝏ
Nucleolin NUCL 77 0:13 ꝏ
Triosephosphate isomerase TPIS 27 0:13 ꝏ
Clathrin 1 CLH1 192 0:12 ꝏ
Annexin A1 ANXA1 39 0:11 ꝏ
Phosphoglycerate mutase 1 PGAM1 29 0:11 ꝏ
X-ray repair cross complementing 6 XRCC6 70 0:11 ꝏ
14-3-3b/a 1433B 28 0:8 ꝏ
Heat shock protein 74 HSP74 94 0:8 ꝏ
Moesin MOES 68 0:8 ꝏ
T complex 1g TCPG 59 0:8 ꝏ
O-GlcNAc transferase OGT1 117 0:8 ꝏ
Importin-b1 IMB1 97 0:8 ꝏ
Cofilin 1 COF1 19 1:15 15
14-3-3t 1433T 28 1:13 13
Heat shock protein 60 CH60 61 3:33 11
T complex 1e TCPE 60 1:11 11
Eukaryotic initiation factor 4A-I IF4A1 50 2:17 8.5
116 kDa U5 small nuclear ribonucleoprotein component U5S1 109 1:8 8
Proliferating cell nuclear antigen PCNA 29 1:8 8
X-ray repair cross-complementing protein 5 XRCC5 83 2:15 7.5
L-lactate dehydrogenase B chain LDHB 37 6:35 5.8
Heat shock protein 90 HS90A 85 7:39 5.5
14-3-3z/d 1433Z 28 4:20 5
Eukaryotic translation initiation factor 3 subunit A EIF3A 167 3:14 4.6
D-3-phosphoglycerate dehydrogenase SERA 57 2:9 4.5
Polypyrimidine tract-binding protein 1 PTBP1 57 2:9 4.5
Glyceraldehyde 3 phosphate dehydrogenase G3P 36 5:21 4.2
6-phosphogluconate dehydrogenase, decarboxylating 6PGD 53 3:12 4
T complex 1h TCPH 61 2:8 4
Elongation factor 1 a1 EF1A1 50 5:17 3.4
T complex 1d TCPD 58 3:9 3
ATP-dependent RNA helicase A DHX9 141 6:12 2
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Fig. S2 

 

  

Extended Data Figure 4
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Fig. S3 
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Fig. S4 
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Fig. S5 
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Fig. S6 

 

 

  

Extended Data Figure 8

Protein KD (µM) 
14-3-3b/a 390 ± 13  
14-3-3z/d 298 ± 7 

14-3-3g R57E 577 ± 26 
 
 

Binding affinities for selected 
protein/glycopeptide interactions
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Fig. S7  
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Fig. S8 
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Fig. S9 
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Fig. S10 

 

  

 14-3-3g- 
Ser-O-GlcNAc 

peptide 

14-3-3b/a- 
Ser-O-GlcNAc 

peptide 

14-3-3g R57E- 
Ser-O-GlcNAc 

peptide 

14-3-3g-  
Thr-O-GlcNAc 

peptide 
PDB code 6BYJ 6BYK 6BZD 6BYL 

Space group P41212 P21 P21 P41212 
Cell dimensions     

a,b,c (Å) 122.3, 122.3, 
314.1 

82.7, 71.4, 95.8 76.3, 60.0, 125.8 121.2, 121.2, 
310.9 

a,b,g (°) 90.0, 90.0, 90.0 90.0, 111.6, 90.0 90.0, 90.5, 90.0 90.0, 90.0, 90.0 
Resolution (Å) 113.9-2.90	 89.0-3.00 65.0-2.67 112.9-3.35 

Total reflections 
(#) 

473876 54247 80100 75376 

Unique 
reflections (#) 

53764 20513 31410 32119 

Rsym 0.062 (0.764)* 0.087 (0.359) 0.040 (0.648) 0.091 (0.785) 
Rpim 0.022 (0.305) 0.063 (0.359) 0.029 (0.486) 0.068 (0.613) 

CC(1/2) 0.999 (0.768) 0.995 (0.786) 0.997 (0.980) 0.997 (0.530) 
I/sI 18.6 (2.5) 8.7 (2.1) 14.3 (5.8) 6.2 (1.2) 

Completeness 
(%) 

100.0 (100.0) 95.7 (97.0) 95.8 (90.8) 94.5 (91.5) 

Redundancy 8.8 (7.0) 2.6 (2.6) 2.5 (2.4) 2.3 (2.2) 
Refinement     
Resolution 113.9-2.90 89.0-3.00 65.0-2.67 112.9-3.35 

Rwork / Rfree (%)	 22.5/26.5 21.4/26.8 24.5/27.9 23.3/28.4 
R.M.S. deviations	     
Bond lengths (Å)	 0.003 0.004 0.005 0.003 
Bond angles (°)	 0.544 0.729 0.656 0.466 
Ramachandran 

analyses	
    

Favored (%)	 96.6 96.0 94.2 95.6 
Disallowed(%)	 0.0 0.0 0.0 0.0 

 
*Values in parentheses are for highest-resolution shell.	
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Fig. S11 
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Fig. S12 
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