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O-GlcNAcylation is the covalent addition of an O-linked �-N-
acetylglucosamine (O-GlcNAc) sugar moiety to hydroxyl groups
of serine/threonine residues of cytosolic and nuclear proteins.
O-GlcNAcylation, analogous to phosphorylation, plays critical
roles in gene expression through direct modification of tran-
scription factors, such as NF-�B. Aberrantly increased NF-�B
O-GlcNAcylation has been linked to NF-�B constitutive activa-
tion and cancer development. Therefore, it is of a great biologi-
cal and clinical significance to dissect the molecular mecha-
nisms that tune NF-�B activity. Recently, we and others have
shown that O-GlcNAcylation affects the phosphorylation and
acetylation of NF-�B subunit p65/RelA. However, the mecha-
nism of how O-GlcNAcylation activates NF-�B signaling through
phosphorylation and acetylation is not fully understood. In this
study, we mapped O-GlcNAcylation sites of p65 at Thr-305, Ser-
319, Ser-337, Thr-352, and Ser-374. O-GlcNAcylation of p65 at
Thr-305 and Ser-319 increased CREB-binding protein (CBP)/
p300-dependent activating acetylation of p65 at Lys-310, con-
tributing to NF-�B transcriptional activation. Moreover, eleva-
tion of O-GlcNAcylation by overexpression of OGT increased
the expression of p300, IKK�, and IKK� and promoted IKK-
mediated activating phosphorylation of p65 at Ser-536, con-
tributing to NF-�B activation. In addition, we also identified
phosphorylation of p65 at Thr-308, which might impair the
O-GlcNAcylation of p65 at Thr-305. These results indicate
mechanisms through which both non-pathological and onco-
genic O-GlcNAcylation regulate NF-�B signaling through inter-
play with phosphorylation and acetylation.

O-GlcNAcylation is the attachment of the carbohydrate
moiety O-linked �-N-acetylglucosamine (O-GlcNAc)3 to ser-

ine/threonine residues of cytoplasmic and nuclear proteins
(1, 2). This post-translational modification is reversible and
dynamic, its addition catalyzed by O-GlcNAc transferase
(OGT) using UDP-GlcNAc as the substrate and its removal
catalyzed by O-GlcNAcase (OGA). UDP-GlcNAc is a high-en-
ergy end product of the hexosamine biosynthesis pathway that
branches from glycolysis, linking cellular metabolism to
O-GlcNAcylation (3, 4). O-GlcNAcylation, analogous to phos-
phorylation, regulates a variety of cellular processes, including
protein trafficking and turnover, cell cycle, gene expression,
cellular stress response, and signal transduction (1, 4, 5). For
example, O-GlcNAcylation regulates gene expression through
direct modification of transcription factors and co-activators,
such as FoxO1 (6, 7), PGC-1� (7, 8), ChREBP (9), and NF-�B
(10, 11). One mechanism through which O-GlcNAcylation may
regulate transcription factors is through competition with phos-
phorylation at the same site or a nearby site, as in the case of
Thr-58 on c-Myc (12); Ser-1177 on endothelial nitric oxide syn-
thase (13); and Ser-16 on ER-� (14), p53 (15), and synapsin I
(16).

NF-�B is a family of transcription factors including RelA/
p65, RelB, c-Rel/Rel, p105/p50, and p100/p52. They are char-
acterized by an N-terminal Rel-homology domain, which is
responsible for DNA binding and dimerization (17). NF-�B
controls many biological processes, such as innate immunity,
inflammation, cell survival and proliferation, and tumorigene-
sis (18, 19). The prototypical NF-�B form is the heterodimer
p65/p50, which is mainly sequestered in the cytoplasm by
inhibitor of NF-�B� (I�B�) in an inactive state. Upon stimula-
tion by pro-inflammatory cytokines, lipopolysaccharide, or
genotoxic agents, signal transduction activates the IKK com-
plex consisting of kinases IKK� and IKK� and a regulatory sub-
unit, IKK�. Activated IKK complex then phosphorylates I�B�
at Ser-32 and Ser-36, leading to its polyubiquitination and sub-
sequent proteasomal degradation. Once liberated, the p65/p50
heterodimer translocates to the nucleus and binds to NF-�B
promoter/enhancer sites, initiating transcription of NF-�B tar-
get genes through recruitment of the transcriptional co-activa-
tor CBP/p300 mediated by interaction with the transcriptional
activation domain of p65 (17).
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The transcription of NF-�B-regulated genes is further regu-
lated by posttranslational modifications of p65, such as phos-
phorylation and acetylation. For example, p65 phosphorylation
at Ser-276 weakens the intramolecular interaction of p65,
thereby facilitating the binding of p65 to co-activator CBP/
p300, which up-regulates NF-�B gene transcription at least
in part through CBP/p300 acetyltransferase activity (20). Phos-
phorylation of p65 Ser-536 also promotes recruitment of CBP/
p300 to p65 (21, 22). Furthermore, acetylation at Lys-310 of p65
by CBP/p300 is required for full activation of p65 transcrip-
tion in a manner independent of altered p65 DNA binding
or I�B� association (23). We and others have shown that
O-GlcNAcylation enhances the activity of NF-�B in many cell
types, including pancreatic cancer cells (10), vascular smooth
muscle cells (24), and lymphocytes (25). O-GlcNAc modifies
the p65 subunit of NF-�B and upstream kinases IKK� and
IKK�. Lowering hyper-O-GlcNAcylation in pancreatic cancer
cells decreases IKK� expression and attenuates p65-activating
phosphorylation (Ser-536), nuclear translocation, and NF-�B
transcriptional activity. Conversely, elevating O-GlcNAc in-
creases IKK� and p65 O-GlcNAcylation accompanied by
increased IKK- and p65-activating phosphorylation, p65
nuclear localization, and NF-�B transcriptional activity (10).
Moreover, O-GlcNAcylation has also been recently shown to
facilitate the acetylation of p65 at Lys-310, a known positive
regulatory event (26). However, the mechanism of how
O-GlcNAcylation activates NF-�B signaling through phosphor-
ylation and acetylation has not been fully elucidated.

Aberrant regulation of NF-�B activity has been linked to
many human diseases, such as cancer and autoimmune disor-
ders. Therefore, fully elucidating the molecular mechanisms
through which O-GlcNAc tunes NF-�B activity may have great
biological and clinical significance. Here, through strategies of
O-GlcNAc site mapping and mutagenesis, we test how NF-�B
O-GlcNAcylation interplays with phosphorylation and acetyla-
tion to regulate the activity of NF-�B.

Results

Mapping novel O-GlcNAc modification sites on the NF-�B
subunit p65

We have shown that cancer cell hyper-O-GlcNAcylation
contributes to oncogenic up-regulation of NF-�B signaling
(10). Several p65 O-GlcNAc modification sites (including
Thr-305, Thr-322, and Thr-352) have been reported (24, 26).
However, little is known about mechanisms through which
O-GlcNAcylation up-regulates NF-�B activity. To begin to
understand possible direct roles for p65 O-GlcNAcylation, we
set out to comprehensively map p65 O-GlcNAc sites. We
developed two strategies to identify potential additional p65
O-GlcNAc sites. First, either 3xFLAG-tagged human WT p65,
serine/threonine to alanine mutants of potential O-GlcNAc
sites, or truncation mutants were transiently expressed in HEK
293T cells. To maximize cellular O-GlcNAcylation, we co-
expressed OGT and pharmacologically inhibited OGA with
NButGT (27). p65 proteins were immunoprecipitated and sub-
jected to Western blot analysis for O-GlcNAc levels. Addition-
ally, human recombinant full-length p65 or fragments (Fig. 1)

prepared from bacteria or immunoprecipitated from HEK
293T cell lysates were in vitro O-GlcNAcylated by recombinant
human OGT, and O-GlcNAc levels were detected by immuno-
blotting. As shown in Fig. 1A, mutating Thr-305 to alanine
decreased O-GlcNAc levels on a p65 T322A/T352A double
mutant, suggesting that Thr-305 is a p65 O-GlcNAc site.
O-GlcNAc levels on p65(2–518) T322A/T352A were not
reduced by further truncation to residues 2– 450, suggesting an
absence of O-GlcNAc sites between residues 450 and 518 (Fig.
1B). O-GlcNAcylation was not observed on an N-terminal p65
fragment (residues 2–280) (Fig. 1C) or a very C-terminal p65
fragment (residues 431–551) (Fig. 1D), suggesting an absence of
O-GlcNAc sites in these regions. A p65 fragment (residues
2– 450) containing mutations of all known O-GlcNAc sites in
this region (T305A/T308A/T322A/T352A) was expressed in
293T cells, and O-GlcNAc signal was detected on this quadru-
ple mutant when co-expressed with OGT in 293T cells (Fig.
1E). These results suggested that additional O-GlcNAc sites
occur in the region from amino acid 280 to 430. Therefore, a
series of truncation mutants between amino acids 321 and 450
were made to help localize additional novel O-GlcNAc sites.
Deletion of amino acids from 360 to 421 significantly reduced
O-GlcNAcylation (Fig. 1F), indicating potential O-GlcNAc
sites in this region. We next individually mutated each serine or
threonine residue in the region spanning 360 – 421 to alanine
on the background of the quadruple mutant p65(2– 450)
T305A/T308A/T322A/T352A. Replacing Ser-374 or Ser-377
with alanine strongly reduced O-GlcNAc levels (Fig. 1G).
Moreover, O-GlcNAc was detected on p65(2–321) T305A/
T308A, but not on p65(2–313) T305A/T308A (Fig. 1, F and H),
suggesting that a potential O-GlcNAc site(s) existed between
residues 313 and 321. Further mutational analysis revealed
that S319A mutation completely abolished O-GlcNAcylation
on p65(2–321) T305A/T308A (Fig. 1I). These results indicate
that Ser-319, Ser-374, and Ser-377 are probably novel p65
O-GlcNAc sites in addition to previously reported p65 O-
GlcNAc sites (Thr-305, Thr-322, and Thr-352).

O-GlcNAc site mapping on p65 by mass spectrometry

To confirm O-GlcNAc modification sites indicated from
mutagenesis and truncation studies, we employed mass spec-
trometry (MS) to attempt direct experimental observation of
p65 site-specific O-GlcNAcylation on proteolyzed peptides of
p65. Our initial attempts using trypsin proteolysis of in vitro
O-GlcNAcylated full-length recombinant p65 failed to identify
any O-GlcNAc sites. O-GlcNAc sites indicated by truncation
and mutagenesis analysis reside in three distinct regions (resi-
dues 301–323, 334 –357, and 361–381). In silico digestion of the
protein using MS-Digest (28) showed that trypsin would pro-
duce either very short or very long peptides in these regions, but
chymotrypsin and chemical cleavage using CNBr should gen-
erate peptides of a size amenable to MS analysis of the three
O-GlcNAc-modified regions of interest. For MS analysis, in
vivo O-GlcNAcylated 3xFLAG-tagged p65(2– 450) was immu-
noprecipitated and in-gel-digested with chymotrypsin or CNBr
and then using higher-energy collision dissociation (HCD) and
electron transfer dissociation (ETD) mass spectrometry frag-
mentation approaches to target O-GlcNAc site mapping (29).
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We were able to unambiguously map O-GlcNAc on Ser-337
(Fig. 2A) and Ser-374 (Fig. 2B). O-GlcNAc was also present
between residues 352 and 357 (Fig. 2C). Based on our site map-
ping results and previously reported results, we reasoned that
p65 could be O-GlcNAc-modified on Thr-305, Ser-319, Ser-
337, Thr-352, and Ser-374. To further verify these sites, we
individually mutated Thr-305, Thr-308, Ser-319, Thr-322, Ser-
337, Thr-352, or Ser-374 to alanine on full-length p65 and
tested O-GlcNAcylation levels on these mutants. Consistent
with MS data, mutants S319A, S337A, T352A, and S374A
showed reduced levels of O-GlcNAcylation compared with WT
(Fig. 2D). Unexpectedly, mutants T305A, T308A, and T322A
did not display a decrease in O-GlcNAcylation (Fig. 2D). Given
that Thr-305 is well conserved across species (Fig. 2E) and
mutating Thr-305 into alanine markedly decreased the O-
GlcNAc level on p65 T322A/T352A double mutant (Fig. 1A),
we reasoned that loss of O-GlcNAc on Thr-305 on mutant p65
T305A could be compensated by increased O-GlcNAcylation
on Thr-352 in our system. Consistent with this hypothesis,
mutating Thr-352 into alanine on mutant p65 T305A dramat-
ically reduced the level of O-GlcNAcylation compared with
parent mutant p65 T305A (Fig. 3C), suggesting that O-GlcNAc
on Thr-352 contributes to the increased O-GlcNAcylation on
p65 T305A compared with WT p65. Mutant p65 T305A/
T352A also displayed a lower level of O-GlcNAcylation com-
pared with mutant p65 T352A (Fig. 3C), further supporting
the conclusion that Thr-305 can be O-GlcNAcylated. Taken
together, p65 could be O-GlcNAc-modified at least on Thr-
305, Ser-319, Ser-337, Thr-352, and Ser-374.

O-GlcNAc modification of p65 Thr-305 contributes to NF-�B
transcriptional activity

To investigate p65 O-GlcNAc site-specific roles, p65 con-
structs with O-GlcNAc sites individually mutated to alanine
were co-expressed with I�B� in p65-deficient MEF cells, and
NF-�B transcriptional activity was accessed using a �B lucifer-
ase reporter assay. Mutant p65 T305A displayed reduced tran-
scriptional activity basally and in response to OGT overexpres-
sion-induced elevated O-GlcNAcylation, whereas O-GlcNAc
mutants S319A, S337A, T352A, and S374A displayed no
change in NF-�B activity (Fig. 3, A and B). Moreover, the
T305A mutation on a background of the T352A mutation
reduced O-GlcNAc levels and led to reduced NF-�B transcrip-

tional activity compared with WT p65 or mutant p65 T352A
(Fig. 3D), further supporting the conclusion that Thr-305
O-GlcNAcylation on p65 contributes to NF-�B transcriptional
activity.

O-GlcNAcylation of Thr-305 on p65 does not prevent its
reassembly with I�B�

A possible regulatory mechanism for how p65 Thr-305
O-GlcNAcylation positively regulates NF-�B activity is inhibi-
tion of NF-�B p65/p50 heterodimer binding to its known inhib-
itor protein I�B�. The crystal structure of the p65/p50 het-
erodimer bound to I�B� reveals that p65 Thr-305 forms a
hydrogen bond with His-84 of I�B� (30), probably representing
a key contact that contributes to formation of the complex
(Fig. 4A). This led us to hypothesize that p65 Thr-305
O-GlcNAcylation might interfere through steric hindrance
with this hydrogen bonding as a mechanism inhibiting p65
binding to I�B�, thereby increasing NF-�B transcriptional
activity. To test this hypothesis, WT p65(2– 450) or p65(2–
450) T305A mutant were transfected into 293T cells along with
HA-OGT, and levels of I�B� associated with immunoprecipi-
tated p65 were determined by Western blotting. The p65
T305A mutation did not alter levels of I�B� association (Fig.
4B). Similar results were obtained using full-length WT versus
T305A p65 expressed in 293T cells (Fig. 4C). We further tested
this hypothesis in vitro. Recombinant p65(2–313) prepared
from bacteria was in vitro O-GlcNAcylated (Fig. 4D). Non-
O-GlcNAcylated or in vitro O-GlcNAcylated p65(2–313) was
incubated with recombinant I�B�, and levels of I�B� associa-
tion were determined. In vitro p65 O-GlcNAcylation did not
alter levels of I�B� association (Fig. 4E). These results suggest
that inhibition of p65 association with I�B� is not a mechanism
through which p65 Thr-305 O-GlcNAcylation increases NF-�B
activity.

Thr-305 and Ser-319 O-GlcNAcylation contributes to
activating acetylation of p65 at Lys-310 by p300

It has been reported that O-GlcNAcylation promotes p300-
mediated activating acetylation of Lys-310 on p65, but mecha-
nisms underlying this are not fully understood (26). Therefore,
we examined potential roles of p65 Thr-305 O-GlcNAcylation
specifically in p65 Lys-310 acetylation. WT p65 or O-GlcNAc
site mutants and p300 were co-transfected into HEK 293T cells

Figure 1. Identification of O-GlcNAcylation sites on the NF-�B subunit p65 by site-directed mutagenesis and truncation analysis. A, HEK 293T cells were
transfected with plasmids expressing 3xFLAG-tagged p65 T322A/T352A or 3xFLAG-tagged p65 T305A/T322A/T352A together with the HA-OGT expression
plasmid and then treated with the OGA inhibitor NButGT (50 �M) overnight. FLAG-p65 was immunoprecipitated with the anti-FLAG antibody and blotted for
O-GlcNAc. G250 was used to stain for total p65. B, HEK 293T cells were cotransfected with the indicated FLAG-tagged p65 plasmids (2– 450, 2– 450 T322A/
T352A, or 2–518 T322A/T352A) and the HA-OGT plasmid and then incubated overnight with NButGT. FLAG immunoprecipitates were blotted for O-GlcNAc.
G250 was used to stain for total p65. C, HEK 293T cells were transfected with the indicated FLAG-p65 constructs (2–153, 2–213, 2–280, or 2–313). FLAG-tagged
p65 was immunoprecipitated and O-GlcNAcylated with Rec OGT in vitro. O-GlcNAc was detected by Western blotting. D, recombinant p65 fragments (2–313
and 431–551) prepared from bacteria were O-GlcNAcylated with Rec OGT in vitro. O-GlcNAc was detected by Western blotting. E, HEK 293T cells were
transfected with the indicated FLAG-tagged p65(2– 450) plasmids containing either T322A/T352A, T305A/T322A/T352A, or T305A/T308A/T322A/T352A muta-
tions together with the HA-OGT plasmid and then incubated overnight with NButGT. FLAG immunoprecipitates were blotted for O-GlcNAc. G250 was used to
stain for total p65. F, HEK 293T cells were cotransfected with the various indicated plasmids expressing FLAG-tagged p65 mutants and the HA-OGT plasmid.
O-GlcNAc was detected as above (left) and quantified by normalization to total p65 (right). G, HEK 293T cells were transfected with plasmids expressing either
FLAG-tagged p65(2– 450) T305A/T308A/T322A/T352A or p65(2– 450) T305A/T308A/T322A/T352A with additional mutations of T365A, S370A, S374A, S377A,
or S401A together with the HA-OGT plasmid and then incubated overnight with NButGT. O-GlcNAc was detected as in A. H, HEK 293T cells were cotransfected
with the various indicated plasmids expressing FLAG-tagged p65 mutants and the HA-OGT plasmid. O-GlcNAc was detected as in A. I, HEK 293T cells were
transfected with plasmids expressing either FLAG-tagged p65(2–321) T305A/T308A or p65(2–321) with additional mutations of S311A, S316A, or S319A
together with the HA-OGT plasmid and then incubated overnight with NButGT. O-GlcNAc was detected as in A. Short, short exposure; Long, long exposure; #,
nonspecific bands; §, O-GlcNAc-modified p65; *, recombinant p65 fragments.
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along with HA-OGT. Consistent with previous results, we
found that acetylation of Lys-310 induced by p300 was
enhanced by elevation of O-GlcNAc through OGT overexpres-
sion and/or NButGT inhibition of OGA (Fig. 5A). Mutation of
p65 Thr-305 to alanine attenuated Lys-310 acetylation by p300/
CBP (Fig. 5, B and E), indicating an important role for p65
Thr-305 O-GlcNAcylation in Lys-310 acetylation. Lys-310
acetylation was also found to be modestly impaired on the p65
S319A mutant, but other p65 O-GlcNAc site mutants (S337A,
T352A, and S374A) did not affect Lys-310 acetylation (Fig. 5C).
Thr-305 has been shown to be phosphorylated by MS (31), but
the functional significance of this is not known. To rule out the
possibility that the effects of p65 T305A mutant were due to
loss of phosphorylation, mutants that mimic constitutive phos-
phorylation (T305E and T305D) were generated and tested for
Lys-310acetylationandNF-�Bluciferaseactivity. If lossofphos-
phorylationresulted inT305Aphenotypes, thenT305E/Dphos-
phorylation mimics may be expected to increase Lys-310 acety-
lation and NF-�B transcriptional activity, provided that T305E
and T305D effectively mimic phosphorylation. However, the
p65 mutants T305E and T305D displayed impaired acetylation
of p65 at Lys-310 (Fig. 5B) and reduced transcriptional activity
(Fig. 5D) similar to p65 T305A, supporting the conclusion that
loss of O-GlcNAc specifically at Thr-305 accounts for reduced
transcriptional activity of NF-�B. In addition, we found that
overexpression of OGT led to increased expression of p300 in
transiently transfected HEK 293T cells (Fig. 5F), which to some
extent may explain how elevation of O-GlcNAcylation by over-
expression of OGT increases activating acetylation of p65 at
Lys-310 by CBP/p300.

Thr-308 is phosphorylated, and phosphorylation of Thr-308
may impair the O-GlcNAcylation of Thr-305

Phosphorylation of p65 on Thr-305 and Thr-308 has previ-
ously been detected by MS (31), but there is no biochemical or
functional data on these phosphorylation events. To validate
whether these two sites are phosphorylated in vivo, WT p65 or
mutants T305A, T308A, T322A, T352A, and T308A/T322A/
T352A were transfected into HEK 293T cells, and phosphory-
lation was induced by treatment with the phosphatase inhibitor
calyculin A. FLAG-tagged p65 was immunoprecipitated, and
phosphorylation of p65 was then detected by an anti-phospho-
threonine antibody. Compared with WT p65, phosphorylation
on mutants T308A and T308A/T322A/T352A was reduced
about 20%, but not on mutants T305A, T322A, and T352A (Fig.
6A), suggesting that Thr-308 is a potential phosphorylation site.
To further examine phosphorylation of this site, SDS-PAGE

Figure 2. Mass spectrometry analysis of O-GlcNAcylation sites on the
NF-�B subunit p65. A–C, HEK 293T cells were transfected with plasmids

expressing 3xFLAG-tagged p65(2– 450) together with the HA-OGT plasmid
and then incubated overnight with NButGT. FLAG immunoprecipitates were
digested with chymotrypsin in A and cyanogen bromide in B and C and sub-
jected to HCD and ETD analysis. Representative mass spectra are shown. D,
HEK 293T cells were transfected with plasmids expressing 3xFLAG-tagged WT
p65, T305A, T308A, S316A, S319A, T322A, S337A, T352A, S374A, or S377A
together with the HA-OGT plasmid and then incubated overnight with
NButGT. FLAG-tagged p65 was immunoprecipitated, and O-GlcNAc was
detected by Western blotting and normalized to total p65. The result repre-
sents two independent experiments. E, multiple-sequence alignment of p65
from human, chimpanzee, mouse, and naked mole rat shows the conserva-
tion of Thr-305 and Thr-308 numbered in human p65.

NF-�B O-GlcNAcylation, phosphorylation, and acetylation
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containing phos-tagTM, a molecule that specifically captures
phosphomonoester dianions (ROPO3

2�) and thus slows the
migration of phosphorylated proteins in polyacrylamide gels
(32), was used to detect phosphorylated p65. Compared with
WT p65, the high-mobility shift of mutant T308A was not
detected (Fig. 6B), and the ratio of phosphorylated p65 to non-
phosphorylated p65 in mutant T308A was reduced, suggesting
that p65 Thr-308 is phosphorylated in response to calyculin A
treatment. Given the proximity of Thr-308 to Thr-305, we con-
sidered that Thr-308 phosphorylation may affect Thr-305
O-GlcNAcylation. To test this, phosphomimic mutant p65(2–
450) T308E was generated and transfected into 293T cells along
with HA-OGT. Compared with WT p65(2– 450), T308E
mutant, similar to T305A mutant, exhibited a lower level of
O-GlcNAcylation (Fig. 6C). Moreover, mutating Thr-305 into
alanine on the background of T308E (T305A/T308E) did not
further reduce the O-GlcNAc level compared with phospho-
mimic mutant T308E (Fig. 6C), indicating that phosphorylation
of Thr-308 on p65 may interfere with the O-GlcNAcylation of
Thr-305. However, gain or loss of phosphorylation on Thr-308
(mutants T308E and T308A) did not affect the acetylation of
p65 at Lys-310 by p300 (Fig. 6D).

O-GlcNAcylation enhances IKK-mediated phosphorylation of
p65 at Ser-536

We have shown that O-GlcNAcylation up-regulates Ser-536,
activating phosphorylation on p65 in pancreatic cancer BxPC-3

cells (10). The IKK kinase complex is known to phosphorylate
p65 Ser-536. To further dissect which kinases are responsible
for increased p65 Ser-536 phosphorylation in response to
increased O-GlcNAcylation, IKK� or IKK� together with
FLAG-tagged p65 were co-transfected into HEK 293T cells
along with HA-OGT. Both IKK� and IKK� increased the phos-
phorylation of p65 at Ser-536 compared with control vector
(Fig. 7A). Moreover, elevation of O-GlcNAcylation by overex-
pression of OGT could further drive the phosphorylation of
Ser-536, suggesting that both IKK kinases could mediate phos-
phorylation in response to increased O-GlcNAcylation (Fig.
7A). Interestingly, we found that overexpression of OGT
increased the expression of IKK� and IKK�, which indicates
a mechanism probably contributing to how elevation of O-
GlcNAcylation increases activating phosphorylation of p65 on
Ser-536. To examine whether direct O-GlcNAcylation of p65
contributes to IKK-mediated phosphorylation of Ser-536,
FLAG-tagged WT p65, T305A, S319A, S337A, T352A, or
S374A was transfected into HEK 293T cells along with HA-
OGT and IKK�. We found that loss of O-GlcNAc on Thr-305,
Ser-319, Ser-337, Thr-352, and Ser-374 did not affect the IKK-
mediated phosphorylation of p65 at Ser-536 (Fig. 7, B–D).

Discussion

We and others have shown that O-GlcNAcylation promotes
NF-�B activity in a variety of cell lines and that O-GlcNAcylation
increases the activating phosphorylation of Ser-536 and

Figure 3. O-GlcNAcylation of p65 at T305 enhances NF-�B transcriptional activity. A, NF-�B p65-deficient MEF cells were transfected with plasmids
expressing I�B� and 3xFLAG-tagged WT p65, T305A, S319A, S337A, T352A, S374A, or vector and plasmids expressing HA-OGT or lacZ together with NF-�B
luciferase and Renilla luciferase reporter vectors. The luciferase activity relative to WT p65 was measured 24 h later and normalized with the Renilla activity. B,
HEK 293T cells were transfected with plasmids expressing 3xFLAG-tagged WT p65, T305A, S319A, T305A/S319A, or vector and plasmids expressing HA-OGT or
lacZ together with NF-�B luciferase and Renilla luciferase reporter vectors. The luciferase activity relative to WT p65 was measured 24 h later and normalized
with the Renilla activity. C, plasmids expressing 3xFLAG-tagged WT p65, T305A, T352A, or T305A/T352A and the HA-OGT plasmid were transfected into HEK
293T cells. FLAG-tagged p65 was immunoprecipitated, and O-GlcNAc and p65 were detected by Western blotting. D, NF-�B p65-deficient MEF cells were
transfected with plasmids expressing I�B� and 3xFLAG-tagged WT p65, T305A, T352A, T305A/T352A, or vector and plasmids expressing HA-OGT or lacZ
together with NF-�B luciferase and Renilla luciferase reporter vectors. The luciferase activity relative to WT p65 was measured 24 h later and normalized with
the Renilla activity. Data represent the means � S.D. (error bars) from at least three independent experiments. * and #, p � 0.05; ** and ##, p � 0.01; *** and ###,
p � 0.001.
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acetylation of Lys-310 on p65 (10, 24 –26). However, the under-
lying mechanisms for NF-�B activation by O-GlcNAcylation
through interplay with phosphorylation and acetylation are
not fully understood. In this study, we found that p65 was
O-GlcNAcylated at Thr-305, Ser-319, Ser-337, Thr-352, and
Ser-374 and phosphorylated at Thr-308; that O-GlcNAcylation
of p65 at Thr-305 and Ser-319 increased CBP/p300-medi-
ated activating acetylation of p65 at Lys-310; and that
O-GlcNAcylationpromotedIKK-mediatedactivatingphosphor-
ylation of p65 at Ser-536.

It is well known that post-translational modifications includ-
ing phosphorylation, acetylation, and methylation can regulate
NF-�B activity and that the interplay between phosphorylation,
acetylation, and methylation can fine-tune NF-�B signaling
(33). This led us to reason that O-GlcNAcylation may regu-
late NF-�B activity through direct modification of p65.

Thus, identification of O-GlcNAcylation sites on p65 is
the first step to understand the mechanisms of how O-
GlcNAcylation regulates NF-�B activity. To comprehen-
sively map O-GlcNAcylation sites on p65, we employed trun-
cation, site-directed mutagenesis, and MS and identified new
O-GlcNAc sites at Ser-337, Thr-352, and Ser-374. We also for
the first time-mapped O-GlcNAc modification of Ser-319 and
Thr-305 on full-length p65 using site-directed mutagenesis. In
addition, we have shown that Thr-308 and Ser-377 are poten-
tial O-GlcNAc sites (Figs. 1G, 2D, and 6C) according to the
mutagenesis. However, we do not have MS or functional data to
support O-GlcNAcylation of these sites. Replacing Thr-305
with alanine decreased the O-GlcNAc level on p65(2– 450)
and p65 T322A/T352A mutants. Interestingly, the level of
O-GlcNAcylation on p65 T305A single mutant was not
reduced compared with WT p65. To resolve this paradox, we

Figure 4. O-GlcNAcylation of p65 at Thr-305 does not affect the binding of p65 to I�B�. A, crystal structure of p65/p50 heterodimer binding to I�B�
(Protein Data Bank code 1NFI). Green, p65; cyan, p50; magenta, I�B�. Blue, p65 nuclear localization signal (NLS). The structure in the box shows the interactions
between NLS of p65 and ankyrin repeat 1 of I�B�. Thr-305 sits right after the nuclear localization signal of p65 between helix 3 and helix 4 and forms a hydrogen
bond with His-84 on I�B�. B, HEK 293T cells were cotransfected with plasmids expressing 3xFLAG-tagged p65(2– 450) or T305A and the HA-OGT plasmid and
then incubated overnight with NButGT. FLAG-tagged p65 was immunoprecipitated, and O-GlcNAc and p65-associated I�B� were detected by immunoblot-
ting and quantified. Whole-cell lysates were also subjected to Western blot analysis using the indicated antibodies. C, HEK 293T cells were cotransfected with
plasmids expressing 3xFLAG-tagged p65 or T305A and the HA-OGT plasmid and then incubated overnight with NButGT. FLAG-tagged p65 was immunopre-
cipitated, and O-GlcNAc and p65-associated I�B� were detected by immunoblotting. D, recombinant p65 fragment 2–313 prepared from bacteria was
O-GlcNAcylated with Rec OGT in vitro. O-GlcNAcylated p65 was detected by Western blot. E, modified or unmodified p65 from D was incubated with recom-
binant I�B� for 2 h at 4 °C. p65 was immunoprecipitated, and associated I�B� was detected by immunoblotting and quantified. The experiments were
repeated twice with similar results.
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found that elimination of O-GlcNAcylation at Thr-305
could be compensated by increased O-GlcNAcylation at
Thr-352. Likewise, increased O-GlcNAcylation on Thr-308
and Thr-322 is probably due to overcompensation for loss of
other O-GlcNAc sites (Fig. 2D). This result raises a caveat
that O-GlcNAcylation site mapping only by site-directed

mutagenesis could be inadequate and may need to be com-
plemented by other means, such as MS. It is also worth
noting that truncation mutants p65(2–313) and p65(2-
351) T305A/T308A/T322A were not observed to be
O-GlcNAcylated (Fig. 1H) in our experimental setting, demon-
strating that truncation and mutational mapping can miss
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modifications, possibly due to altered cellular localization or
protein folding.

To elucidate which O-GlcNAcylation sites are functional, we
screened the transcriptional activity of WT p65 and O-GlcNAc
site mutants using an I�B� promoter luciferase reporter assay.
Mutant p65 T305A displayed reduced transcriptional activity
at both basal and elevated O-GlcNAcylation levels, whereas
other O-GlcNAc mutants S319A, S337A, T352A, and S374A
did not display altered activity. It has been reported that mutant
p65 T352A attenuates the binding of p65 to the promoters of
IL-6, TNF-1�, and MCP1 and lowers target gene mRNA expres-
sion of IL-6 and TNF-1� in MEF cells compared with WT p65
(34). Results of that study are not consistent with our observa-
tion that mutant T352A did not reduce NF-�B transcriptional
activity. However, our study examines mutant effects on a dis-
tinct promoter (I�B� promoter), perhaps explaining the poten-
tial discrepancy. Moreover, mutant p65 T305A displayed atten-
uated p300-dependent activating acetylation of p65 at Lys-310.
This result is consistent with a previous report that Thr-305 is
important for acetylation of Lys-310 by p300, NF-�B-depen-
dent gene expression, and cell survival in MEF cells (26). In
addition to Thr-305, we found that the O-GlcNAcylation site
Ser-319 contributed to p300-mediated acetylation of p65 at
Lys-310. It is worth noting that Lys-314 and Lys-315 have also
been shown to be acetylated by p300/CBP to regulate a specific
set of NF-�B target genes after TNF� stimulation (35, 36). It is
therefore possible that O-GlcNAcylation on Thr-305 and/or
Ser-319 contributes to the acetylation of p65 at Lys-314 and
Lys-315 by p300. Finally, known p300 non-histone substrates,
including p53, p73, c-Myb, androgen receptor, and p300, have
potential Ser/Thr O-GlcNAc modification sites five residues
away from p300 acetylation sites (37), suggesting potential
interplay between O-GlcNAcylation and acetylation on these
proteins.

Thr-305 and Thr-308 have been identified as phosphorylated
by MS (31), but they have not been validated, and the function
of phosphorylation was unknown. Here, we provided evidence
that Thr-308 was phosphorylated in response to phosphatase
inhibitor calyculin A, whereas Thr-305, Thr-322, and Thr-352
were not. Considering the proximity of Thr-308 to Thr-305, we
reasoned that there could be interplay between phosphoryla-
tion of Thr-308 and O-GlcNAcylation of Thr-305. Indeed,
we found that phosphorylation of Thr-308 led to decreased
O-GlcNAcylation on p65, which might be due to interference
with Thr-305 O-GlcNAcylation. In support of this, it has been
reported that O-GlcNAcylation of p53 at Ser-149 inhibits the
phosphorylation of p53 at Thr-155, thereby stabilizing p53 by

blocking the proteasomal degradation induced by COP9 signa-
losome that recognizes the phosphorylation at Thr-155 (15). To
identify the kinase responsible for the phosphorylation of Thr-
308, we searched the protein motif database Scansite with the
p65 sequence. PKC was shown to be the only putative kinase
targeting Thr-308 for phosphorylation at low stringency.
Future studies will investigate whether any PKC isoforms could
phosphorylate Thr-308 of p65. In addition, we found that phos-
phorylation mimic mutant T308E did not affect the acetylation
of p65 at Lys-310 by p300 (Fig. 6D). Given that mutant p65
T308E reduced O-GlcNAc on p65 Thr-305 (Fig. 6C), this sug-
gests that a role of Thr-308 phosphorylation could be sup-
pressed by loss of O-GlcNAc on p65. Synthesized peptides with
distinct phosphorylation/O-GlcNAc modifications could be
used in future studies to further help dissect effects on acetyla-
tion. Likewise, Ser-316 of p65 has been reported to be phos-
phorylated in response to IL-1� (38). It remains to be deter-
mined whether Ser-319 O-GlcNAcylation interplays with
Ser-316 phosphorylation.

In the crystal structure of p65/p50 heterodimer complexed
with I�B� (30), Thr-305 is proximal to a nuclear localization
signal of p65 between helix 3 and helix 4 and forms a hydro-
gen bond with His-84 on I�B� (Fig. 4A), probably contribut-
ing to the affinity of p65 for I�B�. Because Thr-305 was
found to be O-GlcNAcylated, this led us to hypothesize that
O-GlcNAcylation of Thr-305 could prevent the association of
p65 with I�B� resulting from the steric hindrance of the
O-GlcNAc moiety, thereby increasing the transcriptional activ-
ity of p65. Besides this hydrogen bond, the interaction between
p65/p50 heterodimer and I�B� is also stabilized by the salt
bridges between Lys-301, Arg-302, and Arg-304 in p65 and
Asp-75, Glu-85, and Asp-73 in I�B� and a set of hydrophobic
interactions among Phe-309, Ile-312, Met-313, and Phe-318 in
p65 and Phe-77, Leu-80, Ala-81, Leu-89, and Val-93 in I�B�
(30). Consistent with this, mutating Arg-304 into alanine in p65
reduced I�B�-NF-�B binding affinity by 2.2-fold measured by
surface plasmon resonance (39) and at least by 30-fold for
F309A measured by isothermal titration calorimetry (40). In
this present study, we tested whether O-GlcNAcylation on
Thr-305 could reduce the affinity of p65 to I�B�. Although
mutating Thr-305 into alanine did not affect the association of
p65 with I�B� using immunoprecipitation, future studies will
further ascertain the effect of O-GlcNAcylation of p65 at Thr-
305 on the association of p65 to I�B� using surface plasmon
resonance and isothermal titration calorimetry in the form of
synthesized O-GlcNAc-modified peptides.

Figure 5. O-GlcNAcylation of p65 at Thr-305 promotes the acetylation of p65 at Lys-310. A, HEK 293T cells were cotransfected with 3xFLAG-tagged p65,
p300, and HA-OGT and treated with NButGT overnight. FLAG immunoprecipitates were immunoblotted for acetylation of p65 at Lys-310 (AcK310) and
O-GlcNAc. B, HEK 293T cells were cotransfected with plasmids expressing 3xFLAG-tagged WT p65, T305A, T305D, or T305E and the p300 plasmid. FLAG-tagged
p65 was immunoprecipitated and immunoblotted with acetylated Lys-310. Whole-cell lysates were also subjected to Western blot analysis using the indicated
antibodies. C, HEK 293T cells were transfected with plasmids expressing 3xFLAG-tagged WT p65, S374A, T352A, S337A, or S319A together with plasmids
expressing p300 and HA-OGT and then incubated overnight with NButGT. FLAG-tagged p65 was immunoprecipitated and immunoblotted with acetylated
Lys-310. D, NF-�B p65-deficient MEF cells were transfected with plasmids expressing I�B� and 3xFLAG-tagged WT p65, T305A, T305D, T305E, or vector
together with NF-�B luciferase and Renilla luciferase reporter vectors. The luciferase activity relative to WT p65 was measured 24 h later and normalized with
the Renilla activity. Data represent mean and S.D. (error bars) of at least three independent experiments. *, p � 0.05; **, p � 0.01. E, HEK 293T cells were
cotransfected with plasmids expressing 3xFLAG-tagged WT p65 or T305A and the FLAG-CBP-HA plasmid. Whole-cell lysates were subjected to Western blot
analysis using the indicated antibodies. F, HEK 293T cells were transfected with plasmids expressing 3xFLAG-tagged p65 together with plasmids expressing
HA-OGT and p300 (pcDNA-p300) or p300-HA (pCMV�-p300-HA) and immunoblotted with acetylated Lys-310. Whole-cell lysates were subjected to Western
blot analysis using indicated antibodies. The experiments were repeated twice with similar results.
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Figure 6. NF-�B subunit p65 is phosphorylated at Thr-308, and phosphorylation on Thr-308 interferes with Thr-305 O-GlcNAcylation. A, HEK 293T cells
were transfected with plasmids expressing 3xFLAG-tagged WT p65, T305A, T308A, T322A, T352A, or T308A/T322A/T352A. After 48 h, cells were treated with
calyculin A (100 nM) for 30 min. FLAG-tagged p65 was immunoprecipitated, immunoblotted with an anti-threonine antibody, and quantified by normalization
to WT p65. B, HEK 293T cells were transfected with plasmids expressing 3xFLAG-tagged WT p65, T305A, or T308A. After 48 h, cells were treated with calyculin
A (100 nM) for 30 min. FLAG-tagged p65 was immunoprecipitated and subjected to SDS-PAGE containing 50 �M phos-tagTM. -Fold changes of phosphorylated
p65 to non-phosphorylated p65 were quantified and normalized to WT p65. C, plasmids expressing 3xFLAG-tagged p65(2– 450), T305A, T308E, T308A,
T305A/T308E, or T305A/T308A together with the HA-OGT plasmid were transfected into HEK 293T cells. FLAG-tagged p65 were immunoprecipitated, and
O-GlcNAc and p65 were detected by Western blotting. Quantification was normalized to total p65. D, HEK 293T cells were cotransfected with plasmids
expressing 3xFLAG-tagged p65(2– 450), T308A, T308E, and the p300 plasmid. Whole-cell lysates were also subjected to Western blot analysis using the
indicated antibodies. The experiments were repeated twice, and representative results are shown.
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We have shown that elevated O-GlcNAcylation increases the
phosphorylation of p65 at Ser-536 (10). In line with the notion
that IKK� and IKK� are the major kinases to phosphorylate
Ser-536 in response to different stimuli, we found that both
IKK� and IKK� could mediate the phosphorylation of Ser-536
on p65 in response to increased O-GlcNAcylation. Further-
more, elevation of O-GlcNAcylation increased the expression
of IKK� and IKK�. Because we and others have shown that
both IKK� and IKK� are O-GlcNAc-modified (10, 41), future
studies will investigate the mechanism of how O-GlcNAcylation
regulates the expression of IKK� and IKK�.

It has been shown that O-GlcNAc modifies p65 and that
O-GlcNAcylation is required for the activation of T and
B lymphocytes (25). However, the mechanisms of how O-
GlcNAcylation promotes the activation of T and B lympho-
cytes are unknown. Recently, another study has reported that
c-Rel complexed with p65 is the major O-GlcNAcylated protein
in lymphocytes and that O-GlcNAcylation of c-Rel (Q04864-2)
at Ser-350 increases c-Rel-mediated gene expression of
the cytokines IL-2, IFNG, and CSF2 in response to T cell re-
ceptor activation (42). Sequence alignment revealed that
O-GlcNAcylation site Ser-374 in p65 is conserved with the site

Ser-350 in c-Rel. Given the functional role of Ser-350 in c-Rel, it
is very likely that O-GlcNAcylation of Ser-374 in p65 plays a
role in the activation of lymphocytes, although we did not find
that O-GlcNAcylation of Ser-374 affected NF-�B luciferase
activity in MEF cells without stimuli. Future studies will inves-
tigate the effect of O-GlcNAcylation on p65 Ser-374 for lym-
phocyte activation.

In summary, we have identified that p65 is O-GlcNAc-
modified at Thr-305, Ser-319, Ser-337, Thr-352, and Ser-374
and phosphorylated at Thr-308. O-GlcNAcylation of Thr-305
and Ser-319 contributes to the p300-dependent activating
acetylation of p65 at Lys-310. In addition, elevation of
O-GlcNAcylation increases the IKK-mediated phosphoryla-
tion of Ser-536. Thus, interplay between elevation of O-
GlcNAcylation and increased activating p65 phosphorylation
and acetylation positively regulates the activity of NF-�B.

Experimental procedures

Antibodies and reagents

Anti-O-GlcNAc antibody (CTD 110.6) has been described
previously (19). The OGA inhibitor NButGT was prepared as

Figure 7. O-GlcNAcylation facilitates IKK-dependent phosphorylation of p65 at Ser-536. A, HEK 293T cells were transfected with the plasmid expressing
3xFLAG-tagged p65 together with plasmids encoding HA-OGT and 3xHA-IKK� or 3xHA-IKK�. After 48 h, FLAG-tagged p65 was immunoprecipitated and
immunoblotted with phospho-Ser-536 of p65. Whole-cell lysates were also subjected to Western blot analysis using the indicated antibodies. B–D, HEK 293T
cells were transfected with plasmids expressing 3xFLAG-tagged WT p65, S374A, T352A, S337A, S319A, or T305A together with plasmids expressing 3xHA-IKK�
and HA-OGT. Whole-cell lysates were subjected to Western blot analysis using the indicated antibodies. The result represents two independent experiments.
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described (27). Anti-FLAG and anti-actin were obtained from
Sigma. Anti-OGT (F-12), anti-p65, anti-IKK�, and anti-p300
were purchased from Santa Cruz Biotechnology, Inc. (Dallas,
TX). Anti-IKK�, anti-IKK�, anti-p65, anti-phospho-p65 (Ser-
536), anti-phosphothreonine, anti-acetyl-p65 (Lys-310), and
anti-I�B� were obtained from Cell Signaling (Danvers, MA).
Human p65 cDNA, a gift from Dr. Jianhua Yang (Baylor College
of Medicine) (43), was cloned into p3xFLAG-CMV vector (Sig-
ma-Aldrich). Plasmid pcDNA3.1-p300 was a gift from Warner
Greene (Addgene number 23252), and pcDNA3�-FLAG-
CBP-HA was a gift from Tso-Pang Yao (Addgene number
32908). Human recombinant I�B� protein was obtained from
Sino Biological Inc. (Beijing, China). Mutagenesis on p65 was
performed using the QuikChange II site-directed mutagenesis
kit (Agilent Technologies).

Cell culture

Human HEK 293T cells and p65-deficient MEF cells (a gift
from Dr. Jianhua Yang, Baylor College of Medicine) were cul-
tured in DMEM containing 4.5 mg/ml D-glucose and 4 mM

L-glutamine supplemented with 10% fetal bovine serum (FBS),
100 units/ml penicillin, and 100 �g/ml streptomycin. All cells
were maintained at 37 °C with 5% CO2-humidified atmosphere.

Immunoblotting

Cells were lysed on ice for 10 min in radioimmune precipita-
tion assay buffer (50 mM Tris-HCl, pH 7.4, 1% Igepal CA-630,
0.5% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 0.1%
SDS) supplemented with protease inhibitor mixture tablet
(Roche Applied Science). Cell lysates were cleared by centrifug-
ing at 16,000 � g for 20 min at 4 °C. The protein concentrations
were determined using the BCA protein assay reagent kit
(Pierce). Total cellular proteins were separated on SDS-PAGE
and transferred to a polyvinylidene difluoride (PVDF) or nitro-
cellulose membrane. The membranes were incubated with
HRP or IRDye®-conjugated secondary antibodies and then
developed using chemiluminescence or with an Odyssey infra-
red imager (LI-COR).

To detect phosphorylated proteins through SDS-PAGE,
7.5% polyacrylamide gels containing 50 �M diMn(II) (1,3-
bis(bis(pyridin-2-ylmethyl)amino)propan-2-olato) complex
(commercially available as phos-tagTM acrylamide, Wako
Chemicals) and 100 �M MnCl2 were used according to the
manufacturer’s protocol.

Immunoprecipitation

Cells were lysed on ice for 10 min in FLAG lysis buffer (50 mM

Tris-HCl, pH 7.4, 1% Triton X-100, 150 mM NaCl, 1 mM EDTA)
supplemented with protease inhibitor mixture tablet (Roche
Applied Science). Cell lysates were incubated with anti-FLAG
M2 affinity gel (Sigma), and immunoprecipitated 3xFLAG-p65
was eluted with 3xFLAG peptides (Sigma).

Luciferase assay

MEF p65�/� cells were seeded into 24-well plates at a con-
centration of 1.0 � 105/well and then transfected with vector,
WT p65, or O-GlcNAc site mutants together with luciferase
reporter plasmids (NF-�B luciferase reporter pNF-�B-luc and

Renilla luciferase plasmid phRL-TK), pBabe-I�B�, and Plenti4-
HA-OGT or Plenti4-LacZ. Cell lysates were prepared 24 h after
transfection. Reporter activities were analyzed using the Pro-
mega Dual-Luciferase assay kit (Promega) according to the
manufacturer’s protocol. The luciferase activity was normal-
ized to the Renilla luciferase activity, and results were reported
as -fold relative to the activity of scramble-infected, vehicle-
treated, or WT p65-expressing plasmids.

Protein expression and purification

Human p65(2–313) and p65(431–551) cDNAs were sub-
cloned into pETHSUL using ligation-independent cloning as
described previously (44). Expression vectors were transformed
in RosettaTM 2(DE3) competent cells (EMD Millipore Chemi-
cals). Human p65 proteins were expressed at 30 °C using an auto-
induction system as described previously (44) and purified by
immobilizedmetal-affinitychromatography.HumanncOGTcon-
structs were kindly provided by Dr. Suzanne Walker (Harvard
University), expressed and purified as described (45).

In vitro O-GlcNAcylation assay

In vitro O-GlcNAcylation assay was performed as described
previously (46). Recombinant p65(2–313) and p65(431–551)
were incubated with 3 �g of recombinantly expressed and
immobilized metal-affinity chromatography-purified ncOGT
(Rec OGT) and 1 mM UDP-GlcNAc (Sigma) in 60 �l of
O-GlcNAcylation buffer (50 mM Tris-HCl, 12.5 mM MgCl2, 1
mM DTT, pH 7.5) overnight at room temperature. The reac-
tions were stopped by 2� SDS sample-loading buffer, and pro-
teins were separated by SDS-PAGE and subjected to immuno-
blotting for O-GlcNAc.

Mass spectrometry

Proteins were resolved by SDS-PAGE and stained with Coo-
massie Blue G-250. Gel bands were excised from the SDS-
PAGE. Protein was reduced in 10 mM DTT for 30 min at 50 °C
and then alkylated with 20 mM iodoacetamide for 45 min in the
dark. Protein cleavage was achieved by overnight incubation
with CNBr dissolved in 0.1 M HCl or chymotrypsin. Chroma-
tography was performed using a Nanoacquity HPLC (Waters)
at a flow rate of 300 nl/min. The column was a BEH130 C18,
75-�m inner diameter � 150 mm (Waters), and a 60-min gra-
dient was employed. Solvent A was water, 0.1% formic acid, and
solvent B was acetonitrile, 0.1% formic acid, and peptides were
eluted by a gradient from 2 to 28% solvent B over 34 min fol-
lowed by a short wash at 50% solvent B before returning to
starting conditions. Peptide components eluted over a period of
about 30 min during these runs.

MS was performed using an LTQ-orbitrap Velos with the
ability to perform ETD analysis (Thermo). After a precursor
scan of intact peptides was measured in the orbitrap by scan-
ning from m/z 350 to 1400, the three most intense multiply
charged precursors were selected for both HCD and ETD anal-
ysis, with HCD fragments measured in the orbitrap, whereas
ETD fragments were measured in the ion trap. Activation times
were set as 100 ms for both HCD and ETD fragmentation, but
charge state-dependent activation was employed for ETD data.
Supplemental activation of the charge-reduced species was
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employed in the ETD analysis to improve fragmentation.
Dynamic exclusion for 60 s was employed to prevent repeated
analysis of the same components.

Statistical analysis

All of the quantitative data are presented as means � S.D.
The statistical significance of differences was determined using
Student’s two-tailed t test in two groups and one-way analysis
of variance in multiple groups. A p value � 0.05 was considered
statistically significant.
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