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Abstract: As a unique and unappreciated protein posttransla-
tional modification, arginine N-glycosylation was recently
discovered to play an important role in the process that bacteria
counteract host defenses. To provide chemical tools for further
proteomic and biochemical studies on arginine N-glycosyla-
tion, we report the first general strategy for a rapid and cost-
effective synthesis of glycopeptides carrying single or multiple
arginine N-GIcNAcyl groups. These glycopeptides were suc-
cessfully utilized to generate the first antibodies that can
specifically recognize arginine N-GlcNAcylated peptides or
proteins in a sequence-independent manner.

As one of the most complex and extensively studied
posttranslational modifications (PTMs),!) protein glycosyla-
tion is involved in a wide range of biological processes
including cell migration, cell adhesion, and signal trans-
duction.” Up to now, most studies on protein glycosylation
have focused on the O-glycosylation of Ser, Thr, and Tyr
residues or N-glycosylation of Asn residue,l’! whereas the N-
glycosylation of Arg residue in proteins has only been
reported in very rare cases.!l In this context, a surprising
recent discovery by one of our groups® and Hartland's
group® was that an entero pathogenic Escherichia coli
(EPEC) type III secretion system effector protein, NleB,
exhibited an unusual arginine GlcNAc (N-acetylglucosamine)
transferase activity toward multiple proteins with death
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Figure 1. E. coli protein NleB caused arginine N-GlcNAcylation of
multiple proteins with death domain, e.g., Arg235 of TRADD. Crystal-
lographic study of TRADD carrying Arg235 N-GlcNAcylation revealed
that the linkage between the glycan and guanidyl group has §3-
configuration (unpublished result). TNF=tumor necrosis factor;
TNFR1 =tumor necrosis factor receptor 1; NFkB =nuclear factor kB.

domain (Figure 1). For example, NleB could specifically
modify a conserved arginine (Arg235) in the TNFRI-
associated death domain protein TRADD, thereby blocking
the homotypic/heterotypic death domain interactions and the
assembly of the oligomeric TNFR1 complex. This event
blocked host cell death by disrupting the TNF signaling in
EPEC-infected cells, including NF-kB signaling, apoptosis,
and necroptosis. The finding revealed a previously unappre-
ciated PTM, which may be involved in many other important
signaling processes. However, it is currently not possible to
monitor the amount of global arginine N-GlcNAcylation
within a native proteome, although the available biochemical,
pharmacological, and proteomic tools for studying O-
GlcNAcylation of Ser, Thr, and Tyr have been well devel-
oped.l”

To address the above challenge we propose to develop
specific antibodies against Arg N-GIcNAcylation for further
study of the occurrences and mechanisms of such unique PTM
events. This proposition poses a hitherto unsolved problem of
how to efficiently synthesize Arg N-GlcNAcylated peptides
to help induce antibodies. Another critical question is
whether the Arg—GlcNAc antibodies can be generated to
specifically recognize Arg—GlcNAc without interference of
any peptide sequence or related O-GIlcNAcylation. Herein we
report the first general strategy for the synthesis and specific
antibody generation of glycopeptides with arginine N-
GlcNAcylation (Figure 2). Our synthesis features a silver-
promoted solid-phase glycosylation process, which enables
rapid and cost-effective production of glycopeptides with
single or multiple Arg-GlcNAc sites from readily available
starting materials. These synthetic glycopeptides were then
successfully used to generate the first antibodies that can
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specifically recognize arginine N-GIcNAcylated peptides or
proteins in a sequence-independent manner.

Our study began with the attempt to synthesize a suitable
protected Arg(N-GIcNAc) building block for solid-phase
peptide synthesis (SPPS). However, after many tests we
concluded that such synthesis would be lengthy and ineffi-
cient due to the need to change the protecting groups on the
guanidine group repeatedly. Accordingly we turned to an
alternative strategy for glycopeptide synthesis that involves
direct glycosylation of amino acid side chains on the solid
phase,["l which has been successfully used to prepare glyco-
peptides with Asn N-glycosylated groups.®™ To implement this
strategy we were interested in the silver-promoted guanyla-
tion reaction between an S-alkyl-isothiourea and an amine,
which emerges as an effective approach for the construction
of guanidine moieties in natural product synthesis.”? Our task
was to examine whether this guanylation reaction is compat-
ible with the glycosylation of preassembled peptides.

The synthesis of the key building block 8, that is, an N-
glycosyl-S-alkyl-isothiourea, is shown in Scheme 1. From 2-
acetamino-2-deoxy-D-glucose 4, we obtained glycosyl chlo-
ride 5 in 68% yield by using well-established procedures.!'”!
Then, glycosyl isothiocyanate 6 was prepared in 61 % yield by
treatment of 5 with potassium thiocyanate (KSCN) and
tetrabutylammonium iodide (TBAI) in anhydrous acetoni-
trile."" Next, 6 was treated with ammonia in tetrahydrofuran
to yield N-glycosyl-thiourea 7 in an almost quantitative
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4 5 6
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Scheme 1. Synthesis of building block 8. Reagents and conditions:
a) acetyl chloride, rt, 2 days, 68 %,; b) KSCN, TBAI, CH;CN, reflux, 3 h,
61%; c) NH;, THF, 1 h, 99%; d) Etl, MeOH, reflux, 3 h; then Boc,O,
Et,N, CH,Cl,, 84%.
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yield."” Finally, treatment of 7 with ethyl iodide and Boc
anhydride afforded 8 in a two-step, one-pot procedure with
a very good yield of 84 %.*) The overall yield of 8 from 4 was
34%.

As shown in Scheme 2, an Arg N-GlcNAcylated penta-
peptide was designed for Arg-GlcNAc antibody generation.
The free mercapto group of the Cys residue at the N terminal
was used for coupling to the carrier protein. The two Gly
residues were inserted into the sequence to avoid interactions
between antibodies and amino acid side chains around Arg-
N-GlcNAc. The Leu residue at the C terminal was selected to
tune the polarity of the glycopeptide for HPLC separation.

SPPS

H CI/O
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Scheme 2. Solid-phase synthesis of monoglycosylated peptide 1.
Reagents and conditions: a) TEA, DMF, AgNO;, 8 (3 equiv), room
temperature; b) 5% NH,NH, in DMF; c) 5% TIPS in TFA. TEA =tri-
ethylamine.

With 8 in hand, we then performed the synthesis of
glycopeptide 1 using the on-resin glycosylation strategy
(Scheme 2). First, the linear peptide was prepared by using
the standard Fmoc (9-fluorenylmethyloxycarbonyl) SPPS
procedures with 2-chlorotrityl resin as the solid support.
Fmoc-Orn(Alloc)-OH was used as the precursor for the N-
GIcNAcylated Arg residue. After the peptide assembly was
completed, the Alloc group was removed using tetrakis(tri-
phenylphosphine)palladium(0) to yield compound 9 on
resin.'! The free amino side chain of 9 was then treated
with AgNO; and 8 to afford glycopeptide 10 on resin. Next,
the acetyl groups on GIcNAc were removed with 5%
NH,NH, in dimethylformamide (DMF)."®! The resin was
treated with 5% triisopropylsilane (TIPS) in trifluoroacetic
acid (TFA) to release glycopeptide 1, which was purified by
preparative reverse-phase HPLC. The overall isolated yield
of 1 was 39% as calculated from the resin loading, manifest-
ing the good efficiency of the on-resin glycosylation process.
All the key intermediates were monitored by analytical
HPLC and successfully characterized by ESI-MS (Figure S1).
The final product was fully characterized by 1D- and 2D-
NMR spectroscopy as well as high-resolution quadrupole
time-of-flight mass spectrometry (HR-Q-TOF-MS). The p-
configuration of the glycosidic linkage was confirmed by
NOESY (Figure S2).

To further test the scope of the solid-phase glycosylation
method, we used 8 to synthesize a glycopeptide 2 bearing
three Arg-GlcNAc sites. As shown in Scheme 3, peptide 11
was prepared by standard Fmoc SPPS to contain three
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Scheme 3. Solid-phase synthesis of triglycosylated peptide 2. Reagents
and conditions: a) TEA, DMF, AgNO;, 8 (6 equiv), rt; b) 5% NH,NH,
in DMF; ¢) 5% TIPS in TFA.

ornithine residues. In a single-step treatment with AgNO; and
8, the 11 was successfully converted to glycopeptide 12. After
deprotection of the acetyl groups and cleavage from the resin,
the desired glycosylated 2 bearing three Arg—-GIcNAc was
purified by preparative reverse-phase HPLC and a good
overall yield of 16 % of 2 was isolated (Figure S3). In addition,
we used the above protocol to prepare an Arg—GIlcNAc
peptide 3 containing Arg, Lys, Ser, and Gln, which were
protected with groups including 2,2,4,6,7-pentamethyldihy-
drobenzofuran-5-sulfonyl  (Pbf), Boc, ¢Bu, and Trt
(Scheme 4). This glycopeptide was successfully obtained in
28 % yield, indicating that our method is compatible with
various functional side-chain groups. Collectively our experi-
ments establish that the method developed in the present
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Scheme 4. Solid-phase synthesis of monoglycosylated peptide 3.
Reagents and conditions: a) TEA, DMF, AgNO;, 8 (3 equiv), rt; b) 5%
NH,NH, in DMF; c) TFA/phenol/water/thioanisole/1,2-ethanedithiol
(82.5/5/5/5/2.5, v/v).
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study is a general efficient strategy for fast synthesis of
glycopeptides with arginine N-glycosylated groups.

With synthetic peptides carrying Arg—GlcNAc residues in
hand, we wanted to find conditions for the generation of
antibodies that can specifically recognize N-GIcNAcylated
arginine in glycoproteins. For this purpose, mono-N-
GlcNAcylated arginine containing peptide 1 was conjugated
to the carrier protein keyhole limpet hemocyanin (KLH)
through its N-terminal sulfhydryl group and then used to
immunize rabbits with a standard protocol.'®'” For each
immunization 2 mg peptide was used. Production of anti-
bodies recognizing N-GlcNAcylated arginine in the inocu-
lated animals was monitored by an enzyme-linked immuno-
sorbent assay (ELISA) analysis of crude serum acquired
7 days after the third immunization. By default, the majorities
of the antigen stimulated rabbit antibodies are in the isoform
of IgG. In fact, the secondary antibody used in this study was
horseradish peroxidase linked antirabbit IgG whole antibody
from donkey (NA-934, GE Healthcare Life Science). There-
fore the isotype of the Arg-GIcNAc antibody is IgG. To our
pleasure, the antibodies from two batches of crude antisera of
two immunized rabbits were found to robustly bind with both
mono-N-GlcNAcylated arginine peptide 1 and tri-GlcNAcyl-
ated arginines containing peptide 2 by ELISA analysis.
Moreover, these antibodies showed no cross reactivity with
the corresponding unmodified peptide (Figure 3). Strong
immune reactivity was observed even when the crude
antiserum was diluted by more than 100000 fold, suggesting
a very high titer of the Arg—GIcNAc antibodies.

Importantly, the antiserum showed robust reactivity with
FADD (Fas-associated death domain) and the death domain
of TRADD only after the arginine residue had been
GlcNAcylated by the NleB effector (Figure 4).°! Because
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Figure 3. Arg—GlcNAc antiserum immunized by peptide 1 can recog-
nize the arginine GlcNAcylated peptide with no dependence on the
peptide sequence. ELISA analysis of two batches of antisera immu-
nized by the arginine GlcNAcylated peptide. Antiserum 1# and
antiserum 2# were gradiently diluted in (a) or 7100000 fold diluted in
(b) and (c) and subjected to indirect ELISA experiments against the
peptide 1 conjugated with BSA in (a) or indicated peptides conjugated
with BSA in (b) and (c). Carrier protein BSA was included as a negative
control. Shown are the absorbance of OD490 nm. Representative data
from at least three repetitions with similar results are shown.
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Figure 4. The Arg-GlcNAc antiserum can recognize arginine GlcNAcyl-
ated death domain proteins independent of protein sequences.

a) ELISA analysis of the Arg—GIcNAc antiserum against GlcNAcylated
or non-GlcNAcylated death domain proteins. Representative data from
at least three repetitions with similar results are shown. b) ESI-MS
analysis of recombinant proteins used in (a). Peaks marked with * and
AN have a 131 Da mass decrease, corresponding to loss of the N-
terminal methionine. Peaks marked with * and ** represent the
acetylated form of unmodified and GlcNAcylated GST-FADD or GST-
TRADD DD, respectively. c) Sequences of GlcNAcylated peptides/
proteins used in Figures 3, 4, and 5. The GlcNAcylated arginine or
serine/threonine is shown in red. d) Immunoblotting of GlcNAcylated
GST-FADD used in (a,b) with Arg—GlcNAc antiserum 1# 1:1000
diluted in TBST buffer.

the amino acid sequences surrounding the GIlcNAcylated
arginine in the synthetic peptides and death domains shared
no similarity (Figure 4c), our observation suggests that the
antibodies should recognize the GIlcNAcylated arginine
epitope in a sequence-independent manner. Remarkably,
the binding is so strong that even at 1 ng protein loading the
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antiserum can still recognize GlcNAcylated FADD (Fig-
ure 4d).

To examine whether the new antibodies showed any cross
reactivity with the canonical O-GlcNAcylation, we prepared
a synthetic peptide containing a GlcNAcylated serine (P112).
According to the ELISA assay, our Arg-GIlcNAc antibodies,
in contrast to the commercial O-GIcNAc antibody
(CTD110.6),™ did not recognize O-GIcNAc (Figure 5a).
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Figure 5. Recognition specificity of Arg—GlcNAc antibodies to Arg—
GlcNAc but not O-GIcNAc. Representative data from at least three
experiments are shown. a) ELISA analysis of Arg—GlcNAc antiserum or
O-GlcNAc antibody (CTD110.6) against synthesized O-GlcNAcylated
peptide P112 conjugated with BSA supplemented with or without
GlcNAc. b) Western blot analysis of effects of three types of GlcNAc
transferase on their corresponding substrates detected by Arg—GlcNAc
and O-GlcNAc antibodies. 293T cells were transfected with indicated
combinations of 3 x Flag-tagged substrates (TAB1, FADD, and RHOA)
and GlcNAc transferase (OGT, NleB, and a-Toxin) expression con-
structs. DxD: an enzyme activity dead mutant of NleB.

Furthermore, we used the mammalian O-GlcNActransferase
OGT and a-toxin GlcNActransferase from Clostridium novyi
to modify Ser395 in TAB1 (TGF-beta activated kinase 1/
MAP3K7 binding protein 1)) and Thr37 in RHOA (ras
homolog family member A) protein,® respectively. The
modification on TAB1 was readily detected by the O-
GIcNACc antibody in the immunoblotting assay (Figure 5b).
The GlcNAcyl groups on RHOA cannot be recognized by the
O-GIcNAc antibody, although the modification was verified
by mass spectrometry (data not shown). Nonetheless, both O-
GIcNAcylated proteins were not reactive with the Arg-
GlcNAc antibodies (Figure 5b). These data suggest that the
Arg-GlcNAc antibodies have the desired specificity for Arg—
GlcNAc modification and do not recognize the canonical O-
GlcNAcyl groups.

Finally, the NleB GIcNAc transferase effector modifies
multiple host death-domain proteins including FADD,
TRADD, and RIPK1 during EPEC infection, which plays
a critical role of suppressing host inflammation and promot-
ing bacterial colonization and virulence. Here we found that
the Arg-GIcNAc antibodies can detect infection-induced
GIcNAc modification on FADD, TRADD, and RIPK1 only
when EPEC strain harboring a catalytically active NleB was
used for infection (Figure 6). These observations suggest that
the Arg-GIcNAc antibodies are sensitive enough to monitor
pathogen-induced modification of host proteins during infec-
tion, serving as a potential diagnostic tool.
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Figure 6. Recognition of Arg—GlcNAc antibodies to pathogen-infec-
tion-induced arginine GlcNAcylation. Shown are Western blot analyses
of arginine GlcNAcylation catalyzed by type Ill-delivered NleB on
multiple death domains; 24 h after transfection with indicated death
domain expressing plasmids (3Flag-FADD in (a), 3Flag-RIPK1 DD in
(b), 3Flag-TRADD DD in (c)), 293T cells were infected with indicated
EPEC deletion strains complemented with a vector plasmid or a plas-
mid expressing WT NleB (pNleB) or the D221A/D223A mutant
(pDxD). Infected cells were further subjected to anti-Flag immunopre-
cipitation and immunoblotting.

In conclusion, we report the first synthesis of arginine N-
GlcNAcylated peptides through a silver-promoted solid-
phase glycosylation process. This method was shown ame-
nable to the preparation of glycopeptides with single or
multiple Arg-GlcNAc sites in high efficiency. The resulting
glycopeptides were used to obtain the first antibodies that can
specifically recognize peptides or proteins carrying arginine
N-GIcNAcylated groups in a sequence-independent manner.
Moreover, the new antibodies only recognize Arg-GIcNAc
modification without any cross activity toward the canonical
O-GIcNAcyl groups. Recognition of Arg—GIcNAc antibodies
to pathogen-infection-induced arginine GlcNAcylation has
been successfully demonstrated. Thus we expect the new
antibodies to be useful for the identification of novel arginine
N-GlcNAcylated proteins and subsequent biochemical and
pharmacological studies on pathogen infection as well as
other biological processes.
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