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The post-translational modification of proteins with O-
GlcNAc is involved in various cellular processes including
signal transduction, transcription, translation, and nuclear
transport. This transient protein modification enables
cells or tissues to adapt to nutrient conditions or stress.
O-Glycosylation of the 26 S proteasome ATPase subunit
Rpt2 is known to influence the stability of proteins by
reducing their proteasome-dependent degradation. In
contrast, knowledge of the sites of O-GlcNAcylation on
the subunits of the catalytic core of the 26 S proteasome,
the 20 S proteasome, and the impact on proteasome ac-
tivity is very limited. This is predominantly because O-
GlcNAc modifications are often substoichiometric and
because 20 S proteasomes represent a complex protein
mixture of different subtypes. Therefore, identification of
O-GlcNAcylation sites on proteasome subunits essen-
tially requires effective enrichment strategies. Here we
describe an adapted B-elimination-based derivatization
method of O-GlcNAc peptides using a novel biotin-cysta-
mine tag. The specificity of the reaction was increased by
differential isotopic labeling with either “light” biotin-cysta-
mine or deuterated “heavy” biotin-cystamine. The enriched
peptides were analyzed by LC-MALDI-TOF/TOF-MS and
relatively quantified. The method was optimized using bo-
vine a-crystallin and then applied to murine 20 S protea-
somes isolated from spleen and brain and murine Hsp90
isolated from liver. Using this approach, we identified five
novel and one known O-GlcNAc sites within the murine 20 S
proteasome core complex that are located on five different
subunits and in addition two novel O-GlcNAc sites on mu-
rine Hsp90B, of which one corresponds to a previously
described phosphorylation site. = Molecular & Cellular Pro-
teomics 11: 10.1074/mcp.M111.015966, 467477, 2012.
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The ubiquitin proteasome system is the major ATP-depen-
dent protein degradation machinery of eukaryotic cells (1). It
plays an essential role in cell cycle, differentiation, apoptosis,
regulation of transcription, adaptation to stress, and immune
surveillance (2-4). The central catalytic part of the ubiquitin
proteasome system, the 20 S proteasome, is composed of
seven different a- and B-subunits each, which are organized in
four stacked heptameric rings («4_7, B1-7: B1-7» and a,_;). The
two a-rings connect the attachment of regulatory complexes
like the 19 S particle or the proteasome activator PA28 forming
the 26 S proteasome and hybrid proteasomes, respectively,
whereas the two inner B-rings carry the catalytic subunits g1,
B2, and B5. Upon immunological challenge and stress, i.e.,
oxidative and heat stress, genes encoding the three alternative
catalytic subunits (81i, 82i, and 85i) are expressed leading to the
formation of immunoproteasomes with altered proteolytic char-
acteristics, thereby improving the capacity of the proteasome
(3, 5). Alternatively, eukaryotic cells can adapt proteasome ac-
tivity to changing environmental conditions by post-translational
modifications of proteasome subunits (6-9). Distinct protea-
some subunits were found to be phosphorylated (10-12),
acetylated (13-16), or O- GIcNAcylated (17-19). A regulatory
role of O-linked glycosylation in proteasome function was sup-
ported by the finding that modification of the 19 S regulator
complex subunit Rpt2 inhibited the proteolytic activity of 26 S
proteasomes and resulted in substrate protein stabilization (18,
20). Recently, inhibition of an O-GlcNAcase isoform was shown
to modulate the ubiquitin proteasome system, which further
supports the functional importance of O-GIcNAc modification of
proteasomes (21).

The monomeric O-GIcNAc' modification occurs on hy-
droxyl groups of serine or threonine residues of nuclear and
cytoplasmic proteins. In several cases O-GIcNAcylation takes
place at the same or adjacent to the sites of phosphorylation.
Growing evidence suggests an extensive cross-talk between

" The abbreviations used are: O-GlcNAc, O-linked B-N-acetylglu-
cosamine; OGT, O-GlIcNAc transferase; OGA, O-GIcNAcase; BiCy,
biotin-cystamine; EDC, 1-ethyl-3-[3-dimethylaminopropyl] carbodii-
mide hydrochloride; Fmoc, N-(9-fluorenyl)methoxycarbonyl; L, light;
H, heavy.
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both modifications, indicating a regulatory role in cellular sig-
naling (22). Dysregulations of the O-GIcNAc cycling enzymes
O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) are
associated with malignancy, diabetes mellitus, and neurode-
generative diseases (9, 23).

The dynamic nature and low stoichiometry of O-GIcNAc
modifications (which is particular true for 20 S proteasomes)
represents a major analytical challenge. Therefore, the map-
ping of O-GIcNAc sites by mass spectrometry requires effec-
tive enrichment strategies. Previously, a number of methods
have been applied to solve this problem, including wheat
germ agglutinin enrichment (24), chemical derivatization (25)
and chemoenzymatic labeling coupled with affinity or titanium
dioxide chromatography (26-28), periodate oxidation, and
hydrazide resin capture (29). However, despite these analyti-
cal developments within the last years, only one O-GIcNAc
site on human erythrocyte proteasomes (a5 subunit) has been
identified so far (19).

Here, we describe an adapted derivatization method that
included B-elimination followed by Michael addition with di-
thiothreitol (25, 30) of O-GIcNAc peptides using a novel biotin-
cystamine tag to identify O-GIcNAc sites on 20 S proteasome
and Hsp90. Because phosphorylated and nonmodified serine
and threonine residues also react via the B-elimination/Mi-
chael addition mechanism, the specificity of the reaction was
increased by differential isotopic labeling with either “light”
biotin-cystamine (BiCy-d0) or deuterated “heavy” biotin-cys-
tamine (BiCy-d4). The enriched peptides were analyzed by
LC-MALDI-TOF/TOF-MS and relatively quantified.

EXPERIMENTAL PROCEDURES

Chemicals—Sequencing grade trypsin and alkaline shrimp phos-
phatase were obtained from Promega GmbH (Mannheim, Germany).
The a-O-GalNAc peptide was synthesized by Biosynthan GmbH (Ber-
lin, Germany). Protein A-Sepharose was obtained from GE Health-
care. Dulbecco’s modified Eagle’s medium was obtained from Bio-
chrom AG (Berlin, Germany). The antibody CTD 110.6, OGA (jack
bean), a-crystallin, and all other chemicals were obtained from Sigma.
The MALDI matrix a-cyano-4-hydroxycinnamic acid (Sigma-Aldrich)
was recrystallized.

Synthesis and Purification of Model Peptides—The O-GlcNAc
peptide AIPVgSREEKPSSAPSS-COOH (with exception of the glyco-
sylated serine) and phosphorylated analogs of the eight identified
O-GlcNAc peptides of 20 S proteasomes and Hsp90 (GpSSAGFDR-
COOH; RPFGIpSAL-COOH; SpSLIILK-COOH, LVpSLIGSK, LpSEGF-
SIH-COOH; DVFIpSAAER-COOH; FYEAFpSK-COOH; and LpSELLR-
COOH) were synthesized on an ABI peptide synthesizer 433A with
standard Fmoc methods.

For the O-GIcNAc peptide, the manual coupling of 1.2-1.5 eq. of
Fmoc-Ser(B-p-GlcNAc(Ac);)-OH (IRIS Biotech GmbH, Marktredwitz,
Germany) was performed with N,N-diisopropyl-carbodiimide/1-hy-
droxy-7-Azabenzotriazole (1:1:1) in dimethylformamid for 24 h. After
coupling, the resin was acetylated, and synthesis was continued at
the peptide synthesizer. The cleavage of the three protection acetyl
groups of the sugar was executed with 6% (v/v) H,O, in absolute
methanol for 6 h.

For the synthesis of phosphopeptides, N-a-Fmoc-O-benzyl-L-
phosphoserine (Merck/Novabiochem) was used. All of the peptides

were cleaved from the resin by treatment with 92:5:3 (v/v) TFA/water/
triisopropylsilane, precipitated with diethyl ether, and lyophilized.
Peptide purification was carried out by using preparative HPLC, and
peptide identity was confirmed by MALDI-MS.

Synthesis of the Biotin-cystamine-d0/d4 Tag— The synthesis of the
biotin-cystamine tag was performed in three steps: (i) protection of
free thiol groups of cystamine by formation of disulfide bonds, (ii)
condensation of cystamine with biotin, and (iii) reduction of disulfide
bridges between cystamine residues. 100 mg of cystamine-dO
(Sigma) or cystamine-d4 (CDN Isotopes) were dissolved in 200 ml of
0.1 M NaHCO; (pH 8). For disulfide bond formation 2 ml of 0.3% (v/v)
H,O, were added, and the solution was stirred for 45 min at room
temperature. The completeness of the reaction was monitored with
Ellman’s reagent and stopped by the addition of 10% (v/v) acetic acid
in water. The reaction mixture was lyophilized. The condensation of
the biotin moiety with the disulfide was performed by adding 3 eq of
biotin and 3 eq of EDC/hydroxybenzotriazole. EDC and the disulfide
were dissolved in 5 ml of H,0, biotin, and hydroxybenzotriazole in 10
ml of DMSO, respectively, and both mixtures were combined. The
solution was stirred at 40 °C for 3 h. The resulting precipitate was
filtered and washed with DMSO/dimethylformamide. Afterward the
solution was lyophilized. The crude product was dissolved in dimeth-
ylformamide and purified by HPLC on a Shimadzu LC-8A system with
a Kromasil column (100-10-C18, 50 X 250 mm) at a flow rate of 50
ml/min. Mobile phase (A) was 0.2% TFA in water and (B) 0.2% TFA in
80:20 (v/v) acetonitrile/water. The gradient was performed from 15 to
45% B in 60 min. 25 mg of the purified condensation product was
dissolved in 30:70 (v/v) acetonitrile/water and reduced by Tris (2-
carboxyethyl)phosphine hydrochloride at pH 5. The reduced biotin-
cystamine-d0 or biotin-cystamine-d4 was purified on a Gemini C18
column (250-mm X 21.2-mm inner diameter, 10 um; Phenomenex) at
a flow rate of 20 ml/min with a water-acetonitrile gradient from 19 to
44% B in 50 min. The purified BiCy-d0/d4 was lyophilized and stored
at 4 °C until further use.

20 S Proteasome and Hsp90 Purification— Spleen, liver, and brain
tissues from 15 mice (C57BL/6) were pooled, and proteasomes were
isolated (with PUGNAC) according to a standard procedure (31, 32)
(Hsp90, which often co-purifies with 20 S proteasome from liver, was
separated in the last purification step by hydrophobic interaction
chromatography with phenyl-Superose; (NH,),SO, was added to the
20 S proteasome and Hsp90 containing sample to a final concentra-
tion of 1.2 m. The proteins were applied onto a phenyl-Superose
column (PC1.6/5, gel volume 1.7 ml; GE Healthcare) and eluted by a
linear decreasing ammonium sulfate gradient (20 ml) from 1.2 to O m
(NH,),SO,. The purity of the separated proteasomes and of Hsp90
was controlled by SDS-PAGE, and protein concentrations were cal-
culated according the Bradford protocol (Bio-Rad).

Western Blot—The proteins were separated by 15% SDS-PAGE
and blotted onto a PVDF membrane, and Western blotting was per-
formed according to standard protocols (32). Immunodetection using
the monoclonal mouse O-GIcNAc antibody CTD 110.6 followed the
manufacturer’s instructions. For detection of the proteasome, the
rabbit antisera MP1 (anti-20 S proteasome) or K378 (anti-a4 subunit;
both lab stocks) were used. Hsp90 was detected by a monoclonal
Hsp90 antibody (Enzo Life Sciences, UK).

Immunoprecipitation—Four pl of antibody CTD110.6 or 2 ul of
proteasome antibodies, i.e. K378 and K08, were added to the clarified
cell lysate, incubated overnight at 4 °C and precipitated by anti-IgM
or protein A-Sepharose, respectively. The bound proteins were de-
tached by hot SDS sample buffer. SDS-PAGE and Western blotting
were performed as described. For detection of the primary antibody,
a protein A-POD conjugate was used (Bio-Rad).

Labeling of Proteasomes with [*C]Glucosamine—RMA cells were
washed in PBS and resuspended in Dulbecco’s modified Eagle’s
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medium without glucose, 10% FCS, 1% penicillin/streptomycin, 50
uM B-mercaptoethanol, and 2 mm glutamine to obtain 5 X 10° cells/
ml. Two ml of the cell suspension were incubated with 10 uGCi of
['*C]glucosamine/ml for 1, 2, and 3 h at 37 °C. The cells were washed
twice with ice-cold PBS and lysed with 0.5% Nonidet P-40 in PBS.
Proteasomes were precipitated with proteasome antibody K08 (lab
stock) and protein A-Sepharose overnight, followed by intensive
washing of the Sepharose. The proteins were desorbed by boiling the
protein A-Sepharose in SDS sample buffer and then separated by
SDS-PAGE under standard conditions. The acrylamide gel was dried,
and the labeled proteins were detected by autoradiography.

Performic Acid Oxidation—Prior to oxidation the samples (10 ug of
a-crystallin, 100 ug of Hsp90, or 300 ug of 20 S proteasomes) were
precipitated with methanol/chloroform according to the protocol of
the ClickiT® O-GIcNAc enzymatic labeling kit (Invitrogen). The dried
protein pellets were oxidized with performic acid vapor in an exsic-
cator containing 1 ml of performic acid (5:95 (v/v) 30% H,0,/85%
formic acid) for 2 h at room temperature (33).

Tryptic Digestion—The oxidized protein pellets were resuspended
in 100 wul of 50 mm ammonium bicarbonate in 5:95 (v/v) acetonitrile/
water. Tryptic digestion was performed for 16-18 h at 37 °C and
stopped with 10 ul of 10% (v/v) TFA in water, and samples were dried
in a vacuum centrifuge.

Deglycosylation and Dephosphorylation— Dried peptides were dis-
solved in 20 ul of O-GlcNAcase buffer (20 mm sodium citrate in water,
pH 6) and incubated for 10 min at 99 °C to inactivate remaining ac-
tive trypsin. Afterward the internal standard peptides B-O-GlcNAc
(AIPVS(B-O-GIcNAC)REEKPSSAPSS, 20 pmol, 1 ul) and a-O-GalNAc
(FVFDRPLPVS(a-O-GalNAc)R, 80 pmol, 1 ul) were added. The B-O-
GlcNAc-modified peptide was only used for the 20 S proteasome and
Hsp90 preparations because its amino acid sequence originates from
the tryptic peptide 158-173 of bovine a-crystallin chain A. The pep-
tide mixture was split in equal halves. One half was deglycosylated
first with 0.1 unit of OGA for 16 h and then with 0.1 unit for 3 h at
37 °C. Equal volume of O-GlcNAcase buffer without O-GlcNAcase
was added to the untreated sample (final volume, 30 nl). Dephosphor-
ylation of both samples was performed with 5 units of shrimp alkaline
phosphatase for 3 h at 37 °C. The concentration of the phosphatase
buffer in the final 90-ul volume was 50 mm Tris-HCI, 0.5 mm MgCl, in
H,O (pH 9).

Chemical Derivatization with BiCy-d0/d4 —The glycosylated sam-
ple (without OGA, with shrimp alkaline phosphatase) was derivatized
with BiCy-d0 and the deglycosylated sample (with OGA, with shrimp
alkaline phosphatase) with BiCy-d4 (vice versa in label switch exper-
iments). Therefore, 90 ul of double concentrated B-elimination/Mi-
chael addition solution (0.4% (w/v) NaOH, 4% (v/v) triethylamine)
containing 10 mm BiCy-dO or BiCy-d4 were added to the samples
(final pH 11.5). The samples were incubated for 2 h at 52 °C. The
reaction was stopped by adjusting the pH of the solutions to pH 7 with
20% (v/v) TFA.

Chemical Derivatization of Model Peptides—10 pmol of the B-O-
GlcNAc, a-O-GalNAc, or phosphorylated model peptides were dis-
solved in 50 ul of 0.2% (w/v) NaOH, 2% (v/v) triethylamine containing
5 mm BiCy-d0 or BiCy-d4 and incubated for 2 h at 52 °C in a
thermomixer. The reaction was stopped by adding 5 ul of 20% (v/v)
TFA (pH < 4), and the samples were C18-uZipTip (Millipore) desalted
prior to MS analysis.

Enrichment of BiCy-d0/d4 Peptides—BiCy-d0- and BiCy-d4-la-
beled samples were combined, and excess of BiCy derivatization
reagent was removed by size exclusion chromatography on a Super-
dex peptide 3.2/30 column (3.2 X 300 mm) (GE Healthcare) using a
SMART fast protein liquid chromatography system (Amersham Bio-
sciences) at a flow rate of 60 ul/min water. The peptide containing
fractions (UV absorption at 214 nm) were lyophilized and solved in

100 pl of streptavidin binding solution (0.02% (w/v) BSA, 0.2 m NaCl,
50 mm Tris-HCI in H,O, pH 7.5). BiCy-d0/d4-labeled peptides were
purified with 100 ul of magnetic streptavidin beads (Dynabeads
MyONE™ Streptavidin T1; Invitrogen). The loading and washing pro-
cedures (with avoidance of detergents) were performed with slight
modifications as described by Girault et al. (34). Briefly, before use,
the beads were washed with 0.1% BSA in 50 mm Tris-HCI, pH 7.4
(solution A), after 30 min of sample incubation 100 ul of water was
added for 30 min. Then the supernatant was removed, and the beads
were extensive washed with solution A, solution B (0.1% BSA in 50
mm Tris-HCI, pH 7.4, 1 m NaCl), and water. Saturation of streptavidin
sites was performed with biotin. After final washing with water, the
biotinylated peptides were eluted from the resin by 2 X 50 ul of 70:30
(v/v) acetonitrile/water, 0.1% (v/v) TFA (adapted from Girault et al.
(34)), and the eluent was dried in a vacuum centrifuge.

LC-MALDI-TOF/TOF-MS/MS—LC-MS/MS analyses were per-
formed on a 4700 proteomics Analyzer (Applied Biosystems,
Framingham, MS) off-line coupled with an Ultimate HPLC system and
Probot fractionation device (Dionex, Idstein, Germany). Dried pep-
tides were resuspended in 12 ul of 0.1% (v/v) TFA in water. Ten ul of
the sample were concentrated on a trap column (PepMap C18, 5 um,
5-mm X 300-um inner diameter; Dionex). LC separations were per-
formed on an analytical column (PepMap C18, 3 um, 150 mm X 75
um; Dionex) at a flow rate of 200 nl/min. Mobile phase (A) was 2:98
(v/v) acetonitrile/water containing 0.05% (v/v) TFA and (B) was 80:20
(v/v) acetonitrile/water containing 0.045% (v/v) TFA. Gradients were
0-15% B in 4 min and 15-60% B in 40 min for a-crystallin, in 60 min
for Hsp90 and in 100 min for 20 S proteasomes. Column effluent was
continuously mixed with MALDI matrix (5 mg/ml a-cyano-4-hydroxy-
cinnamic acid in 70:30 (v/v) acetonitrile/water containing 0.1% (v/v)
TFA, 1 pl/min) and spotted at 10-s intervals on 26 X 12 spot arrays on
MALDI steel targets (Applied Biosystems). Mass spectra were ac-
quired in a data-dependent mode. The MS spectra were recorded in
the mass range of m/z 700-4000 and with the accumulation of 2000
subspectra. MS/MS spectra were measured from the five most in-
tensive precursor ions (S/N > 30). 5000-10,000 laser shots were
accumulated. Known contaminations such as matrix peaks and so-
dium adducts as wells as signals * 4 Da from an already fragmented
precursor (because of the 4 Da difference of BiCy-d0/d4 tag) were
excluded from fragmentation.

Data Processing and Relative Quantificaton—MS and MS/MS
peaklists were generated by the “Peak to Mascot” tool of the 4000er
Series Explorer v 3.6. For MS/MS data analysis, MASCOT server
(version 2.2; Matrixscience, London, UK) was used to search in-house
against Swissprot FASTA database (www.uniprot.org; build date Feb-
ruary 15, 2012; 525,207 sequences). 20 S proteasome and Hsp90
samples were searched with the taxonomy filter Mus musculus acti-
vated (sequences after taxonomy filter 16.345). a-Crystallin samples
were searched against a small FASTA file containing only two Swis-
sprot entries for bovine a-crystallin chain A and B. As parameters
were set, enzyme: trypsin with a maximum of two missed cleavages
or semitrypsin; mass tolerances: 100 ppm for precursor and 0.2 Da
for MS/MS fragment ions; variable modifications: BiCy-d0/d4 of Ser
(872,144/376,144), Thr (386,160/390,160), or Cys (372,144/376,144)
oxidation of Met and His (+15,994, +31,999) or of Cys and Trp
(+15,994, +831,999, +47,982) and N-terminal GIn to pyro-Glu
(—17,027). —17,027). MS/MS spectra of identified peptides (ionscore
>15 and peptide rank 1) were verified by manual inspection of their
fragmentation pattern. The identity of specific BiCy-labeled peptides
of 20 S proteasomes and Hsp90 was confirmed by comparison of
their MS/MS spectra with synthetic BiCy-d0-labeled analogs.

Relative quantification of BiCy-d0/d4-labeled ion pairs was per-
formed manually by adding the intensities of the monoisotopic peaks
according to their LC elution profile (3—-7 spectra) and calculating the
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Fic. 1. Detection of O-GlcNAcylation on proteasomes and Hsp90. A, detection of O-GIcNAc-modifications on diverse mouse tissue
proteasomes with the O-GlcNAc antibody CTD110.6. Proteasomes were isolated from mouse liver (1), mouse spleen (2), and mouse brain (3).
Three pg of each were separated by SDS-PAGE. The left panel shows the staining with Coomassie, the middle panel shows the detection of
O-GlIcNAc modifications with CTD110.6, and the right panel shows the competition of CTD110.6 with 500 mm GlcNAc. Proteasome subunit
o4 was detected as loading control. B, detection of O-glycosylation on murine Hsp90. Co-purified Hsp90 was isolated from proteasomes, and
both were separated by SDS-PAGE. The Coomassie staining of proteasomes (lane P), and Hsp90 is shown in the left panel. Hsp90 can be
detected with CTD 110.6 (right panel, lane 7). The signal is diminished by saturation of the antibody with 500 mm GIcNAc (lane 2). The detection
of Hsp90 with a monoclonal Hsp90 antibody is shown in lane 3. C, in vivo labeling of proteasomes with ['*C]glucosamine. RMA cells (murine)
were incubated with ['*C]glucosamine for 1, 3, and 5 h. As control (lane co), [*°S]Met-labeled 20 S proteasomes were used. The labeled
proteasomes were precipitated with the polyclonal proteasome antibody K08. The precipitated protein was analyzed in SDS-PAGE and

detected by autoradiography.

ratios of BiCy-d0/BiCy-d4 peptides (L/H ratio), as well of BiCy-d4/
BiCy-d0 peptides (H/L ratio) in the label switch experiment, respec-
tively. The L/H ratio (H/L) of the a-O-GalNAc standard peptide was
used to calculate a normalization factor, which was applied to all
observed L/H ratios (or H/L ratios) of identified peptides to compen-
sate inevitable fluctuations during sample preparation.

RESULTS

To study 20 S proteasomes modified with O-GIcNAc, 20 S
proteasomes were isolated from murine tissues. O-GIcNAc-
ylation was detected in Western blots using the monoclonal
antibodies CTD110.6 (Fig. 1A) and MAI-076, as well as the
ClickiT® system (data not shown). Proteasomes derived from
liver, spleen, and brain were positively stained for O-linked
glycosylation. In addition, co-purified Hsp90 separated from
liver proteasomes was also shown to be O-GlcNAc-modified
(Fig. 1B). To verify the glycosylation of 20 S proteasomes,
murine RMA cells were incubated in presence of ['*C]gluco-
samine. Within 3-5 h of incubation, multiple proteasomal sub-
units were labeled with ['*C]glucosamine, i.e., modified with
O-GlcNAc (Fig. 1C). Remarkably, in all experiments, several of
the 17 different proteasomal subunits were shown to be O-
GIcNAc-modified.

Zhang et al. (18) proposed a tight connection between
glucose metabolism and proteasome activity. However, the
influence of glucose metabolism on glycosylation and the
activity of the catalytic proteasome core complex remained
unstudied. To analyze the impact of glycosylation on 20 S
proteasomes, murine fibroblast cells were cultured with glu-
cose at a physiological concentration of 5 mm, as well as with
10 mm.

When cells were pulsed with 10 mm glucose for 240 min, we
observed a transient reduction of the proteasome activity
within the first 60 min (Fig. 2A), corroborating earlier results of
Zhang et al. (18). However, comparing the initial activity (0

min) with those after 240 min, a slight increase in proteasomal
peptide hydrolyzing activity was observed. Furthermore, an
incubation of cells with a high glucose concentration of 10 mm
was accompanied by an O-glycosylation of 20S proteasome
subunits (Fig. 2B). The change in glycosylation of proteasomal
subunits was also demonstrated by immunoprecipitation of
O-GIcNAc-modified proteasomes with the antibody
CTD110.6 and the detection of O-GIcNAcylation in immuno-
precipitated proteasomes (supplemental Fig. 1). The protea-
some modification with O-GlcNAc was significantly enhanced
upon increased glucose concentration in the culture medium.

Derivatization of O-GIcNAc Peptides with a Biotin-cysta-
mine Tag—Based on above data, we set out to identify the
sites of O-GIcNAc modification on 20 S proteasome subunits.
For chemical modification of O-GIcNAc peptides by alkali-
mediated B-elimination and Michael addition, initial experi-
ments were performed with the tag dithiothreitol as described
by Wells et al. (25) and Vosseller et al. (30). Although the
derivatization and thiol-Sepharose enrichment of samples
with low complexity (8-O-GlcNAc model peptide and a-crys-
tallin) allowed the detection of the expected O-GIcNAc sites,
for the analysis of complex 20 S proteasomes the procedure
was unsatisfactory (data not shown). Because of the often
observed extremely low stoichiometry of the O-GIcNAc mod-
ification on proteins, it is essential that the tag allows an
efficient affinity purification of the labeled peptides. Therefore,
we synthesized a new tag with a biotin moiety (Fig. 3A), which
allows the usage of streptavidin instead of thiol-Sepharose.
The thiol group of the cystamine moiety of the tag imparts the
S-nucleophilic attack of B-eliminated serine and threonine
residues. It is known, however, that the B-elimination/Mi-
chael addition reaction is not only specific for O-GIcNAc-
modified serine and threonine residues. Unspecific de-
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Fic. 2. Glucose concentration in culture medium influences proteasome activity and proteasome glycosylation. A, murine fibroblast
cells (line C4) were incubated with 10 mm glucose in the culture medium for indicated time points in a 24-well plate. The cells were washed
and lysed with 0.1% Nonidet P-40 in 20 mm Tris buffer, pH 7.2. The proteolytic activity within the lysates was monitored by hydrolysis of
suc-LLVY-AMC (white bars). In parallel, the proteasome activity was inhibited by 10 um MG132 (black bars). B, proteasomes were isolated from
the C4 mouse fibroblast cell line cultured with 5 mm (lane 7) and 10 mm (flane 2) glucose for 2 h. In the left panel Coomassie staining of the
separated proteasomes is shown, and in the right panel the detection of O-GIcNAc modifications by CTD110.6 is shown. Immunodetection of

proteasome subunit a4 served as loading control. WB, Western blot.

rivatization of cysteine, alkylated cysteine, serine, and
threonine residues that are unmodified or phosphorylated
can occur (25, 30, 33, 35). To discriminate between specific
derivatization of O-GIcNAc sites and unspecific modified
residues, we synthesized a “light” BiCy-d0 and a deuterated
“heavy” BiCy-d4 tag that allow relative quantification. Fig.
3B shows the MS spectra of the synthetic O-GlcNAc-modi-
fied peptide AIPVgSREEKPSSAPSS, which corresponds to
the C-terminal, tryptic peptide 158-173 of bovine a-crystallin
chain A before and after derivatization with BiCy-d0. The
tagging results in a mass shift of m/z +82 compared with
the O-GIcNAc-modified peptide. Under MS/MS conditions
the tag generates indicator ions that are diagnostic for the
presence of BiCy-derivatized peptides and therefore allow a
sensitive screening for modified peptides. The signal at m/z
304.1 corresponds to the protonated BiCy-d0, at m/z 227.1 to
the biotinylium ion (36) and the neutral loss of 303 mass units
at m/z 1624.8 to the fragment [M-BiCy-d0+H]* (Fig. 3C). The
O-GIcNAc site can be localized to Ser® because of the differ-
ence of 372 mass units between the y11 and y12 ion corre-
sponding to the BiCy-d0 serine residue.

Enrichment and Relative Quantification of BiCy-tagged O-
GlcNAcylated Peptides—To avoid unspecific tagging of cys-
teine residues, the proteins were first oxidized by performic
acid and then proteolytically digested (Fig. 4). The samples
were split in halves and treated first with or without OGA and
then with phosphatase. After enzyme incubation, the samples
were derivatized with equivalent amounts of BiCy-d0O or
BiCy-d4 and then combined. Excess of free BiCy tag was
removed by size exclusion chromatography, followed by en-
richment of BiCy-tagged peptides by affinity chromatography
on streptavidin (supplemental Fig. 2) and LC-MS/MS analysis
including relative quantification. In principle, the specificity of
the procedure could be also changed to the analysis of phos-
phorylation sites, when the split samples are treated with or

without phosphatase and with OGA as performed by
Vosseller et al. (30).

As internal controls for the relative quantification, the B-O-
GIcNAc peptide AIPVS(B-O-GIcNAC)REEKPSSAPSS and
the a-O-GalNAc peptide FVFDRPLPVS(a-O-GalNAC)R were
spiked to the samples. The O-B-GlcNAc peptide was used to
prove the degylcosylation efficiency. The L/H ratio for this
internal standard peptide was always greater than 10. Be-
cause a-O-glycosidic bonds cannot be cleaved by OGA, the
a-O-GalNAc peptide was used to mimic an unspecific de-
rivatization with an L/H ratio of about 1 (supplemental Fig. 3).

Enrichment of BiCy-tagged Peptides from «-Crystallin—
The experimental approach was first tested with the standard
O-GlIcNAc protein a-crystallin, an eye lens protein consisting
of two chains (A and B). The results of the relative quantifica-
tion are summarized in Table I. Eight BiCy-tagged peptides
were detected. Six of them showed averaged L/H ratios of
0.97 = 0.06 to 1.09 = 0.05 corresponding to an unspecific
labeling of serine residues. For the two BiCy-tagged peptides
198AIPV,, SSR™® and "°®AIPVg,, SSREEKPSSAPSS™"® of
chain A, averaged L/H ratios of 2.94 = 0.97 and 3.18 = 0.10
were detected, which indicate a specific tagging.

To exclude false positives caused by overlapping signals
and to increase the confidence of the relative quantification,
we performed experiments in which labels were switched: the
glycosylated sample was tagged with BiCy-d4, and the degly-
cosylated sample was tagged with BiCy-d0. The resulting
averaged H/L ratios of 2.08 + 0.08 and 6.17 = 0.45 confirm
the specificity of BiCy tagging of the O-GIcNAc peptides. The
averaged H/L ratios of the unspecific peptides were 0.79 *+
0.08 to 1.03 = 0.01. The O-GIcNAc site was localized on
Ser'®? (supplemental Fig. 4).

Identification of O-GIcNAcylated Peptides from Murine 20 S
Proteasomes and Hsp90 —The enrichment strategy de-
scribed above was applied to the analysis of 20 S protea-
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Fic. 3. Derivatization of a synthetic O-GlcNAc-modified peptide by alkali-mediated B-elimination and Michael addition with a novel
biotin-cystamine tag. A, shown is the strategy for replacement of the O-GlcNAc moiety on serine or threonine residues by the stable affinity tag
BiCy. To discriminate between specific and unspecific reactions, differential isotopic tags (BiCy-dO and BiCy-d4) were synthesized. B, MALDI-
TOF/TOF-MS spectra of a synthetic O-GlcNAc-modified peptide before (upper lane) and after derivatization with BiCy-dO (lower lane). The mass
shift of 82 Da corresponds to the loss of O-GIcNAc (—203 Da) and water (—18 Da) and the addition of BiCy-d0 (303 Da). C, the MALDI-TOF/TOF-
MS/MS spectrum of the BiCy-tagged O-GIcNAc peptide with precursor mass m/z 1927.0 is shown. Diagnostic ions at m/z 227.1 and 304.1 and
the neutral loss of [M-303+H]" confirm the tagging of the peptide. The site of modification is localized to Ser®.
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Fic. 4. Strategy for identifying O-GlcNAc sites by chemical
tagging with the biotin-cystamine tag BiCy and relative
quantification.

somes, as a complex biological sample, and to Hsp90, a
molecular chaperone protein separated during proteasome
purification. To investigate tissue-specific differences of O-
GlIcNAcylation, we analyzed proteasomes from mouse spleen
(mainly comprising immunoproteasomes) and brain (mainly
comprising standard proteasomes). As summarized in Table
Il, we identified 17 BiCy-labeled peptides with L/H (or H/L)
ratios of 0.71 to greater than 10. To define the cut-off for a
specific labeling, we took the L/H (and H/L) ratios of seven
technical replicates from the expected 1:1 BiCy-labeled pep-
tides of a-crystallin and compared them in a t test with the
ratios of the individual peptides of spleen proteasome mea-
sured in three replicates. A significance of p < 0.001 was
found for a ratio of 1.3 (1:0.77), which corresponds to a 23%
decreased intensity of the BiCy-d4-labeled peptide compared

with the dO-labeled (for L/H ratios). Because the greatest
deviation from the expected 1:1 ratio for a-crystallin was 29%
(ratio 0.71), we increased for more confidence the cut-off ratio
to 1.43 (1:0.7), which corresponds to a reduced signal inten-
sity of the heavy peptide of >30%. With this cut-off, we
identified six proteasomal O-GIcNAc sites with L/H (or H/L)
ratios of 1.5 to greater than 10 (Table ll). In contrast, unspe-
cific derivatization products occurred with ratios of 0.71-1.33.
Representative mass spectra of specific and unspecific prod-
ucts are shown in Fig. 5. Remarkably, among the unspecific
labeled peptides, cysteine-labeled products were also ob-
served. N-terminal to these residues, acidic amino acids (Glu
and Asp) are localized. We suppose that these residues inter-
fere with the cysteine oxidation resulting in BiCy tagging.

A variety of the BiCy-labeled peptides (Table Il) show low
Mascot scores with p values > 0.05. Most of the labeled
peptides are quite short (7-9 amino acids), and two peptides
are semitryptic. Such peptides are mostly underscored in the
automatic database search process (37). The appearance of
semitryptic or nontryptic peptides is not unusual for digests of
20 S proteasomes. We often observed autoproteolytic prod-
ucts of this multiprotease complex. Furthermore, nontryptic
peptides are found in every tryptic digest as proteolytic back-
ground (37). To prove the identity of the specific BiCy-labeled
peptides, we synthesized analogs with a phosphate group at
the detected O-GIcNAc site and derivatized them with BiCy-
d0. We used their MS/MS spectra to compare the fragmen-
tation pattern with the identified O-GIcNAc peptides (supple-
mental Fig. 5). In all cases we found a high congruence.

The identified five novel and one known O-GlcNAc-sites of
the 20 S proteasome are localized on the four a-subunits a1
(Ser®), a4 (Ser'®°), a5 (Ser'®®), and a6 (Ser''°) and the B-sub-
unit 86 (Ser®” and Ser?°®). Interestingly, only three of the six
sites were modified in both analyzed tissues providing first
evidence for a tissue specific differential O-GlcNAc modifica-
tion of 20 S proteasomes. Thus modification of a1 and o5
were only detected in spleen (immuno) proteasomes, whereas
Ser?%® glycosylation of 86 was found only in brain protea-
somes. The relative quantification of enriched BiCy-tagged
peptides from murine Hsp90 (liver) resulted in the identifica-
tion of two novel O-GIcNAc sites: Ser*** of Hsp908 and
Ser*®" of Hsp90a/Ser*>? of Hsp90p (Table Ill, MS/MS spectra,
and supplemental Fig. 6). Ser*>? (Hsp90pg) is also a known
phosphorylation site (38). Both sites are located in the M-
segment of Hsp90 thought to be essential for client protein
binding, suggesting that O-GIlcNAc modification on Ser*>2
may have an opposing effect on phosphorylation-controlled
Hsp90 function.

DISCUSSION
Recent studies have shown that several subunits of the 26
S proteasome are modified by the monosaccharide GIcNAc
(17-19, 25, 39). However, the individual sites of the O-GIcNAc
modifications are unknown except for one described on sub-
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TABLE |
Relative quantification of BiCy-d0/d4-labeled peptides of bovine a-crystallin
Peptides derived from a tryptic digestion of a-crystallin were BiCy-labeled, enriched on streptavidin beads, analyzed by MALDI-TOF/TOF
mass spectrometry, and relatively quantified. Bold characters indicate a specific tagging. ,,Q, pyroglutamat.

Protein Accession Sequence [M + H], Masccl)jt p value  L/H ratio® H/L ratio (""‘Se' O-GIcNAc site
number? score’ exchange)

Chain A P02470 '°TLGPFYPg,SR* 1322.65 44  3.80E-05 1.09 = 0.05 1.03 = 0.01
50 1 Qaic, SLFR>* 918.44 19  1.20E-02 0.99 =+ 0.05 0.82 = 0.05
S5TVLDg;c,SGISEVR®® 1460.73 80  1.20E-08 0.97 + 0.03 0.90 + 0.02
104 +QDDHGYlg;c, SR'"? 1358.57 55  3.00E-06 0.97 = 0.06 0.96 = 0.06
158AIPVg;c, SR 927.50 25  3.20E-03 2.94 = 0.97 2.08 + 0.08 Ser'62
T58AIPVgc, SREEKPSSAPSS'®  1926.95 26  2.40E-03 3.18 +0.10  6.17 = 0.45 Ser'62
1eYEEKPSg;,SAPSS™™® 1303.57 22 7.40E-03 1.07 =0.05 0.79 = 0.08

Chain B  P02510 '°°KQAgc,SGPER'’ 1157.57 37  2.00E-04 1.08 = 0.05 0.97 = 0.05

2 UniProtKB.

b Highest score from seven experiments; all peptides are rank 1 hits.

¢ Four technical replicates.
9 Three technical replicates.

TaBLE Il
Identified O-GIcNAc sites of murine 20 S proteasomes from spleen and brain

Proteasomes were enzymatically digested. The resulting peptides were BiCy-labeled, enriched on streptavidin beads, analyzed by

LC-MALDI-TOF/TOF MS, and relatively quantified. ,,,
(bold) was confirmed by comparison of their MS/MS spectra with the

Q, pyroglutamat; ,o,M, oxidized methionine. The identity of O-GIcNAc modified peptides

fragmentation pattern of synthetic analogs (supplemental Fig. 5).

. Spleen )
Subunit A:fnisbséfan Sequence M + H]Z, '\S/I(?;%%t p value L/H ratio® H/L ratio (label L/ar?;io 0 Ciligel}\lAc
exchange)

al Q9QUM9  “G g, SSAGFDR 1081.46 29 0.05 1.73 = 0.16 1.53 1.03 Ser®
STAINQGGLT g, SVAVR*®  1570.81 46 6.3E-04 1.08 + 0.03 1.07 0.75

a4 Q9Z2U0  2°Gg;, STAVGVR®® 1031.52 30 0.053 1.00 = 0.01 0.98 0.86
89VEg;c, CQSHR®® 1127.52 31 0.024  1.33+0.03 0.80 0.83
"2°RPFGlgc,SAL'*? 1145.60 20 6.99 3.51 = 0.19 2.52 2.10 Ser'®°

a5 Q9Z2U1 978y SLIILK?®® 1058.61 24 0.11 2.95 + 0.71 1.29 0.84 Ser198e

a6 Q9R1P4  %°_ QEgc,CLDSR® 1102.47 26 0.019 1.08 = 0.05 0.71 0.83
98] Vi, SLIGSK'® 1101.62 16 0.37 >10 >10 1.70 Ser'°
584, oxMgic, SIGAR 4 1022.46 33 0.025 1.27 = 0.06 1.29 0.93
209NV, SIGIVGK?"? 1171.64 33 0.014 0.89 + 0.16 0.78 0.87

a7 070435  **EEAg, SNFR'® 1137.49 30 0.054 1.10 = 0.17 0.81 0.93

Bli P28076  “%Vg,c SAGTAVVNR*? 1258.65 66 1.0E-05 1.10 = 0.06 0.91

p2i 035955  ?27Alg, STPTEPVQR®®” 1483.75 35 9.2E-03 0.97 = 0.05 0.88

B4 Q9R1P3 ¥ NLADg,CLR% 1073.53 35 0.012 1.20 = 0.01 0.95 0.72

B6 009061  *°Lg;, SEGFSIH®® 1174.55 50 6.3E-03 3.69 + 1.22 2.58 1.85 Ser®”
204DVFl g, SAAER? ' 1292.62 42 3.0E-03 1.00 + 0.04 0.92 2.54 Ser2%8

B7 P99026 2%, QPVLg, SQTEAR?'"  1396.68 46 1.3E-03 0.96 * 0.01 0.83 1.04

2 UniProtKB.

® Highest sore from all four experiments; all peptides shown were rank 1 hits.

¢ Two technical replicates.
9 Database searches were performed with semitrypsin as protease.
¢ Known glycosylation site (19).

unit &5 (19). Because O-GlIcNAcylation inhibits the protea-
some activity (18, 20, 40), we focused here on the mass
spectrometric analysis of this modification within 20 S pro-
teasome subunits. The main challenges in determining O-
GIcNAc sites by mass spectrometry are the lability of the
glycosidic linkage under collision-induced dissociation, as
well as the low stoichiometry of this dynamic modification.
Using the adapted approach that included B-elimination fol-
lowed by Michael addition with dithiothreitol with a novel
biotin-cystamine tag and relative quantification for specificity
control of the derivatization, we were able to identify five new

O-GIcNAc sites and confirm one previously described (19)
O-GIcNAc site on 20 S proteasomes. Furthermore, we iden-
tified two novel modification sites on the molecular chaperone
Hsp90. Our data demonstrate that the direct comparison of
specific and unspecific labeled peptides by relative quantifi-
cation facilitates verification of the mapped O-GIcNAc sites.
Overall 75% of all tagged peptides were found to be unspe-
cifically labeled with ratios of 0.71-1.33, indicating that side
reactions cannot be avoided. The specifically tagged O-
GIcNAc peptides revealed ratios of 1.53 to greater than 10.
When we applied this approach to a-crystallin, we success-
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Fic. 5. Representative mass spectra of specific and unspecific BiCy-tagged proteasomal peptides. A, the isotope pattern of the
peptide “Gg;c,SSAGFDR'" (a1, spleen) shows an L/H ratio of ~1.7, which indicates a specific labeling of the O-GlcNAcylated serine residue.
B, a typical spectrum of an unspecific tagged peptide with a BiCy-d0/d4 ratio of 1:1 (*°G BiCySTAVGVR%, o4 spleen) is depicted.

TasLE IlI
Detection of BiCy-tagged peptides of murine HSP90 isolated from liver

Tryptic peptides of murine Hsp90 were BiCy-labeled, enriched on streptavidin beads, analyzed by MALDI-TOF/TOF mass spectrometry, and

relatively quantified. .

Q, pyroglutamat; ,o,M, oxidized methionine. The identity of O-GIcNAc-modified peptides (bold) was confirmed by

comparison of their MS/MS spectra with the fragmentation pattern of synthetic analogs (supplemental Fig. 6).

Protein A:J;;%s;%n Sequence ’\Sllggrf:e%t pvalue [M + H]%, L/H ratio® H/el;(gig?] é'ea)Ee' O-Gsli(t:é\lAc

« P07901 50'DQVANg;c, SAFVER®™® 78.2 4.2E-7 1520.71 1.01 £ 0.04 1.12 £ 0.03
548 GIHEDg;c,SQNR>*” 65.7 7.4E-7 1453.66 1.02 = 0.03 1.08 = 0.03
587\WV g, SNR®92 26.1 0.059 958.50  1.11 +0.14 1.05 + 0.02

B P11499 “29FYEAFg;c, SK*3° 41.3 3.6E-3 1176.53 >10 >10 Ser+34
880V/Tlgic, SNR®®S 29.1 0.063 974.50 1.04 = 0.24 0.79 = 0.00

alB PO7901/P11499 4697457 4, SE| | R465/456 371 7.4E-3 1015.57 >10 >10 Ser?1/Ser452
388/375’GWDEﬁCySEDLPLNISF(‘“”/392 47.2 7.5E-4 1798.89 0.99 + 0.05 1.05 = 0.02

2 UniProtKB.

® Highest sore from all four experiments; all peptides shown were rank 1 hits.

¢ Three technical replicates.
9 Two technical replicates.

fully detected the known O-GIcNAc site on Ser'®? of chain A.

However, we could not identify the previously described site
on Thr'” of chain B (41). This is in accordance with the
reported reduced derivatization efficiency of modified Thr res-
idues (25) and may also explain why among all BiCy-tagged
peptides of a-crystallin, 20 S proteasomes, and Hsp90, no
Thr-labeled peptides were found.

The study of 20 S proteasomes provides particular chal-
lenges. This concerns in particular the low abundance of
O-GIcNAc modifications in connection with a very diverse 20
S proteasome population composed of several different sub-
types (42). Considering that these subtypes may undergo
differential post-translational modification and that O-GIcNAc
is not a predominant modification, it appears conceivable to
assume that the stoichiometry for a specific O-GIcNAc site
within the 20 S proteasome population is extremely low. To
overcome the stoichiometry problem, we employed 300 g of
purified 20 S proteasomes in each experiment. These are

150 png of 20 S proteasome/label or 200 pmol/subunit for
each of the 28 subunits (average molecular weight/subunit: 27
kDa). Assuming a stoichiometric amount of <5%, we started
our analysis with ~10 pmol/modified 20 S subunit.

Our results provide the first evidence for tissue-specific
differences. Specifically derivatized peptides were found for
a1 (Ser®) and o5 (Ser'®®) only in spleen proteasomes and for
86 (Ser°®) only in brain. In contrast, the relative quantification
of the O-GIcNAc sites of a4 (Ser'®%) and 6 (Ser®”) revealed
similar L/H (H/L) ratios in both tissues. These observed vari-
able modifications of 20 S proteasome subunits may reflect
tissue-specific or even proteasome subtype-specific modifi-
cation, whereby their functional implications remain to be
investigated. Spleen contains predominantly 20 S immuno-
proteasomes, which recently were shown to play an important
role in protein homeostasis and cytokine-induced oxidative
stress (5). Interestingly, in rat cardiac myocytes, elevated OGT
levels attenuated oxidative stress, whereas elevated OGA
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levels had reciprocal effects (43). Thus elevated O-GIcNAc
site occupancy on immunoproteasomes compared with
standard proteasomes may be protective against cytokine-
induced oxidative damage and/or influence their function,
localization, or interaction with other proteins without the
immunosubunits themselves being modified.

Interestingly, we also observed O-GIcNAc modifications on
the molecular chaperone Hsp90 often co-purifying with 20 S
proteasomes. Hsp90 induces conformational changes in cli-
ent proteins (44); however, little is known about the impact of
post-translational modifications on Hsp90 function. Interest-
ingly, deletion of the yeast Ser/Thr protein phosphatase 5 that
interacts with Hsp90 negatively influenced the maturation of
several Hsp90 substrates (45). Because OGT binds to sub-
strates via the same tetratricopeptide repeat motives, OGT
may transiently bind to Hsp90 during O-GIcNAc attachment
with O-GlcNAc modification on Ser*®? (Hsp90B) opposing
phosphorylation regulated Hsp90 function. Because Hsp70
exhibits a lectinic activity toward O-GlcNAc (46), a reciprocal
O-GIcNAcylation/phosphorylation might control Hsp90/
Hsp70 interaction and thus influence the equilibrium between
repair and proteasomal degradation of client proteins.

Therefore investigating the influence of phosphorylation/O-
GlIcNAc on the Hsp70/Hsp90 machinery in collaboration with
the ubiquitin proteasome system seems to be a challenging
but promising field of research. Our O-GIcNAc site assign-
ments offer the opportunity for hypothesis-driven approaches
to analyze the biological impact of O-GIcNAc on proteasomes
and Hsp90.
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