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To determine the O-GlcNAcylation activity of GtfA-GtfB
toward PsrP, in vitro O-GlcNAcylation assays were performed
using UDP-GIcNAc as the sugar donor and SRR1 of PsrP as the
peptide acceptor. Neither individual GtfA, GtfB, nor the com-
plex of GtfA with GtfB-DUF1975 could catalyze the glycosyla-
tion of SRR1 (Fig. 3a). In contrast, the GtfA-GtfB complex gly-

TABLE 2
Kinetic constants of GtfA towards UDP-GIcNAc
Enzyme Ka Vinax Keat Keat/Km
mMm um/min min~! mm ! min~!
GtfA-GtfB 1.1+0.2 30.6 = 1.26 76.0 = 3.15 69.1
GtfA 11.8 £ 1.5 14.7 £ 0.84 7.35 = 0.42 0.63
GtfA-GtfB- 23.0*+ 1.1 13.1 = 3.03 26.2 + 6.06 1.14
DUF1975

cosylated SRR, resulting in a band of O-GlcNAcylated SRR1 of
higher molecular weight (Fig. 3a). These results clearly demon-
strated that formation of the GtfA-GtfB complex is crucial for
the O-GlcNAcylation activity. Notably, no glycosylated SRR1
was detected in GtfA variants of either R328A and/or K333A, in
agreement with the results of hydrolytic activity assays.
Despite the growing interests in the study of protein glyco-
sylation of conserved SRRPs, it remains unknown how the SRRs
are O-GlcNAcylated. To elucidate the O-GlcNAcylation pat-
tern of PsrP, the full-length SRR1 and five truncated variants
(termed SRR1-N12, -N20, -N25, -N29, and -N36, representing
the peptides of corresponding N-terminal residues, respec-
tively) were subject to O-GlcNAcylation assays. Only the four
peptides of 25 or more residues were O-GlcNAcylated in vitro,

FIGURE 3. In vitro O-GlcNAcylation assays. g, in vitro SRR1 O-GlcNAcylation assays. The reaction mixtures were separated by 12% SDS-PAGE (upper columns)
and then subjected to Western blot analysis (lower column). The bands corresponding to GtfA, GtfB, GST-SRR1, and glycosylated GST-SRR1 are labeled. b, the
O-GlcNAcylation pattern of SRR1. The sequences of the full-length SRR1 and five truncated variants (N12, N20, N25, N29, and N36) are shown. ¢, LC-MS/MS
analyses of the glycosylated SRR1 catalyzed by the GtfA-GtfB complex. The Glu sites subject to GluC digestion are shown in green, and the detected Ser residues

to be O-GlcNAcylated are labeled in red.
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FIGURE 4. A docking model of the N-terminal octadecapeptide of SRR1 binding to GtfA. g, surface presentation of the acceptor peptide-binding
site. The four segments of GtfA are colored red, yellow, pink, and cyan, respectively. The octadecapeptide is shown in gray sticks with the N and C termini
labeled. The UDP and GIcNAc molecules are colored green. b, a close-up view of the interactions of the octadecapeptide with GtfA. The structure of GtfA
was shown as semi-transparent cartoon. The interacting residues and the octadecapeptide are shown as sticks. The polar interactions are indicated as
dashed lines. c, in vitro O-GlcNAcylation assays of GtfA and its mutants in the presence of GtfB and GST fused SRR1. The reaction mixtures were separated
by electrophoresis and further subjected to Western blot analysis using WGA-HRP conjugate. d, DUF1975 isimportant for binding of GtfA to the acceptor
PsrP. An E. colirecombinant system that co-expresses GtfA or GtfA variants with its acceptor PsrP was used to determine binding of GtfA to PsrP and the
function of DUF1975 in the binding. Purified GST fused GtfA and GtfA variants (/),and its interacting partners PsrP (/) were determined by Western blot
analysis using anti-GST antibody and anti-PsrP antibody and by Coomassie Brilliant Blue staining. Proteins prepared from GtfA-GtfB alone and co-ex-
pression of wild-type GtfA and variants (E322A, Y116A, R106A, and N98A)-GtfB with PsrP were also subjected to wheat germ agglutinin lectin blotting

analysis (/Il).

whereas no O-GIcNAcylation of either SRR1-N12 or SRR1-
N20 was detected (Fig. 3b). These data suggested that a peptide
of proper length is necessary for the in vitro O-GlcNAcylation.
Furthermore, liquid chromatography mass spectrometry ana-
lyses identified that only the Ser, but not Thr residues, were
O-GlcNAcylated. In detail, O-GlcNAcylation of serine residues
(Ser-2, -4, -5, -7, -9, -11, -23, -29, -37, -39, -47, -49, and -50)
within SRR1 were identified by LC-MS (Fig. 3¢). Although only
half of the Ser residues were detected to be O-GlcNAcylated,
it is possible that most or even all Ser residues within SRR1
are modified by O-GlcNAcylation upon the saturation of
UDP-GIcNAc, as the molecular mass of the homogenous
band of O-GlcNAcylated SRR1 is much greater than the
unmodified SRR1 (Fig. 3a).
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DUFI1975 Is Required for Binding of GtfA to the Acceptor
PsrP—To dissect the acceptor binding site of GtfA, we initially
tried co-crystallization of GtfA or GtfA-GtfB complex with var-
ious lengths of N-terminal peptide of SRR1 but did not succeed.
Alternatively, we docked the 25-residue peptide SRR1-N25
recognized by the complex to our GtfA structure using the
HADDOCK program (56). All output models suggested that
GtfA only interacts with the N-terminal 18 residues, which was
subsequently input to improve the docking model. Among the
12 output clusters, the first cluster of the lowest energy with 47
members satisfies the best interaction restraints and has a larg-
est buried interface area of ~2160 A% The overall backbone
r.m.s.d. of 0.8 = 0.5 A for the 47 members indicated that the
binding model was rather reliable on the theoretical calcula-
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tion. In the model, the octadecapeptide lies over the UDP and
GlcNAc binding sites, well complementary in both shape and
charge to the interdomain cleft (Fig. 4a). The peptide chain
runs along the cleft with its N terminus proximity to the 84 and
B5 of DUF1975 domain. The octadecapeptide is mainly stabi-
lized by residues Trp-12, Ala-13, Glu-18, Glu-244, Glu-248,
Asn-249, Asn-260, and Tyr-261 of N-Cat in addition to three
residues (Arg-328, Glu-332 and Ser-403) of C-Cat and three
residues (Asn-98, Arg-103, and Tyr-116) of the DUF1975
domain (Fig. 4b). Our docking model is also consistent with the
previous conclusion that the donor nucleotide-sugar com-
monly binds to the C-Cat of GT-B enzymes, whereas the accep-
tor binds to the N-Cat (57). Sequence analysis of these interact-
ing residues suggests that most of them are highly conserved
in GtfA homologs from Gram-positive bacteria that encode
SRRPs.

The docking model represents a pose that Ser-11" of PsrP is
ready for being O-GlcNAcylated. The hydroxyl group of Ser-
11', stabilized by residues Arg-328 and Glu-332, has a distance
of 2.9 A to the B-phosphate oxygen of UDP and 3.1 A to the
anomeric oxygen of GIcNAc (Fig. 4b). The acceptor SRR1 pep-
tide runs over the UDP-GIcNAc binding pocket, similar to the
structure of hOGT-UDP-peptide complex (7). This conforma-
tion makes UDP-GIcNAc inaccessible to the solvent, consistent
with the ordered bi-bi mechanism, in which the sugar donor
UDP-GIcNACc binds before the acceptor peptide (58). However,
Ser-11" and UDP are aligned on the same face of GIcNAc plane,
indicating GtfA is a retaining OGT, different from the hOGT
and XcOGT that both adopt an inverting mechanism. For
retaining glycosyltransferases, it has been suggested that the
B-phosphate of UDP acts as a general base (59). In the model the
hydroxyl group of Ser-11" of PsrP is 3.5 A to Glu-332-O€2, and 2.9
A to the B-phosphate oxygen of UDP, suggesting that Glu-332 of
GtfA or UDP may serve as a general base to activate the nucleo-
philic serine residue. Moreover, Glu-332-Oel also makes a hydro-
gen bond with the amide backbone of Ser-11" of PsrP.

To test the docking model, we first performed the in vitro gly-
cosyltransferase activity assays. Mutation of the highly conserved
residue Glu-244 and the putative catalytic residue Glu-332 to ala-
nine completely abolished the O-GlcNAcylation activities (Fig.
4c). Meanwhile, mutation of Ser-403 to alanine significantly
diminished the activity (Fig. 4c). Furthermore, we used E. coli in
vivo glycosylation system to test the O-GlcNAcylation activity and
binding to PsrP. Co-expression of GtfA-GtfB with the recombi-
nant substrate PsrP led to O-GlcNAcylation of PsrP (Fig. 4dlll,
second lane), which is also evident by appearance of a upper PsrP
band (Fig. 4dll, second lane). PsrP proteins, both glycosylated
upper band and non-glycosylated lower band, were readily co-pu-
rified with GtfA (Fig. 4dll, second lane), suggesting the in vivo
binding between GtfA and PsrP. Mutation of Glu-332 to alanine
completely inhibited glycosylation of PsrP but minimally affected
the binding (Fig. 4dIl, third lane), suggesting the Glu-332 residue is
catalytically important as the subtle change has a dramatic impact
on the GtfA activity. Importantly site-directed mutagenesis of
three residues within DUF1975 reduced binding of GtfA to the
acceptor PsrP and concurrently inhibited O-GlcNAcylation of
PsrP (Fig. 4d, II and III, fourth-sixth lanes). Notably the binding
between GtfA and GtfB were not dramatically changed in all site-
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directed mutants as indicated by co-purification of GtfA variants
and GtfB (Fig. 4dIl), demonstrating the unique requirement of
DUF1795 for the substrate binding, a new function in addition to
its ability to bind to the co-activator GtfB.

Both hOGT (6) and XcOGT (9) contain catalytic domains
of GT-B fold after an all-aTPR domain that mediates the
recognition to a broad range of proteins (10). Previous stud-
ies have proven that TPR, a scaffold for the recognition of
partner proteins or acceptor peptides, is crucial for the activ-
ity of OGTs (9, 60). Similar to TPR, the DUF1975 domain of
GtfA has also been implicated in mediating protein-protein
interactions and is essential for the glycosylation of SRRPs
(25, 61). In our docking model, we found that the two most
N-terminal residues of SRR1, Asn-1" and Ser-2’, form side-
chain hydrogen bonds with residues Asn-98, Arg-103, and
Tyr-116 of DUF1975 (Fig. 4b). Mutation of these three resi-
dues to alanine reduced the binding of GtfA to the peptide
acceptor PsrP and decreased the both in vitro and in vivo
glycosyltransferase activity of the GtfA-GtfB complex (Fig. 4,
¢ and d). Thus, despite a totally different overall structure,
DUF1975 acts as a domain for recognizing the acceptor, a
role similar to TPRs in hOGT and XcOGT.

Taken together, we report here the structure of GtfA, the
core subunit of a novel bacterial OGT, which is responsible for
the O-GlcNAcylation of alternate serine residues of the serine-
rich repeat adhesin PsrP. The B-meander add-on domain
DUF1975 of GtfA is critical for the recognition of both co-acti-
vator GtfB and acceptor PsrP. The glycoproteomic analysis
provides insights into a novel protein O-glycosylation fashion
on multiple sites. Structure-based analysis may also assist in the
future development of inhibitors against the biogenesis of bac-
terial SRRPs.
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