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The soluble N-glycosyltransferase from Actinobacillus pleuro-
pneumoniae (ApNGT) can establish an N-glycosidic bond at the asparagine
residue in the Asn-Xaa-Ser/Thr consensus sequon and is one of the most
promising tools for N-glycoprotein production. Here, by integrating computa-
tional and experimental strategies, we revealed the molecular mechanism of the
substra.te re.cognition and following c;iltsalysis of2 QPNGT' These ﬁndin'gs allowed Obtain ApNGT variants with
us to pinpoint a key structural motif (*>DVYM*'®) in ApNGT responsible for the expanded acceptor specificity
peptide substrate recognition. Moreover, Y222 and H371 of ApNGT were found on
to participate in activating the acceptor Asn. The constructed models were "3&%5 o
supported by further crystallographic studies and the functional roles of the
identified residues were validated by measuring the glycosylation activity of
various mutants against a library of synthetic peptides. Intriguingly, with particular
mutants, site-selective N-glycosylation of canonical or noncanonical sequons
within natural polypeptides from the SARS-CoV-2 spike protein could be achieved, which were used to investigate the biological
roles of the N-glycosylation in membrane fusion during virus entry. Our study thus provides in-depth molecular mechanisms
underlying the substrate recognition and catalysis for ApNGT, leading to the synthesis of previously unknown chemically defined N-
glycoproteins for exploring the biological importance of the N-glycosylation at a specific site.
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It is well documented that distinct N-glycoforms signifi-
cantly impact the bioactivity and pharmacokinetic profile of a
given N-glycoprotein.*”'* Consequently, there have been
continuous efforts to develop novel strategies to produce
homogeneous N-glycoproteins for detailed structure—function
studies.”> ™1 Among them, enzymatic synthesis, which can be
done in high yield and with high stereo- and regioselectivity,
has attracted much attention. Impressive efforts have been
made to employ membrane-bound OSTs for preparing

Asparagine (N)-linked protein glycosylation, one of the most
common post-translational modifications (PTMs) found in all
domains of life, plays essential roles in numerous biological
processes, including protein folding, host—pathogen recog-
nition, as well as inflammatory and immune responses.' > In
the mammalian biosynthesis of N-glycoproteins, an oligomeric
membrane-associated oligosaccharyltransferase (OST) cata-

lyzes the en bloc transfer of an N-glycan precursor homogeneous N-glycoproteins. However, due to the limited
(Gle;MangGlecNAc,) from a dolichol-pyrophosphate donor, availability of the preassembled LLO donors and active OST
also known as a lipid-linked oligosaccharide (LLO), to the enzymes, in vitro synthesis of structurally defined N-
side-chain amide nitrogen of an asparagine residue in the glycoproteins using this approach remains unrealized.'’
consensus sequon Asn-Xaa-Ser/Thr (where Xaa # Pro, N-X- Furthermore, bacterial OSTs (e.g, CjPglB) possess more

S/T).* Various N-glycoproteins, including recombinant stringent specificity for the (D/E-X)-N-X-S/T sequon, which
enzymes, vaccines, and monoclonal antibodies, have been

approved for medical diagnosis and clinic treatments.””’ In May 2, 2023
general, these therapeutic glycoproteins are derived from cell July 21, 2023
culture. Due to the non-template-driven nature of glycosylation July 24, 2023
in vivo, natural and recombinant glycoproteins are composed of August 7, 2023

structurally diverse glycans, referred to as glycosylation
microheterogeneity.
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Figure 1. Illustration of the function and structure of ApNGT and the computational workflow applied in this study. (A) Schematic diagram of N-
linked glycosylation catalyzed by ApNGT. Crystal structure of human erythropoietin (PDB 1EER) is used as a protein representation. (B)
Structural domains of ApNGT and surface representation of previously solved crystal structure of ApNGT in complex with UDP (PDB 3Q3H).
UDP is shown in cyan sticks; AAD, GT-1, GT-2, and ID are shown in blue, pink, light gray, and purple cartoons, respectively. The substrate
binding groove is highlighted in the zoomed-in image. (C) Computational methodology flowchart for this study.

limits their use for in vitro N-glycoprotein synthesis.'”~'* Thus,
it is still a challenge to generate an N-glycosidic bond between
an oligosaccharide and a protein/peptide using OST enzymes.

Functionally similar to OST is the cytoplasmic soluble N-
glycosyltransferase (NGT) produced in some bacteria. This
enzyme (GT41 in the CAZy database) can transfer a glucose
or less preferred galactose moiety to an asparagine residue in
the N-X-S/T sequon (Figure 1A).*°™** Mrksich and co-
workers have screened 41 putative NGTs and characterized the
acceptor sequence preference of four variants, among which
the NGT from Actinobacillus pleuropneumoniae (ApNGT) and
its mutant (ApNGTY*) display the highest N-glycosylation
activity.”> Additionally, a sequential glycosylation strategy was
developed to install distinct pseudo-N-glycoforms at the
specific sites within one protein by combination of ApNGT
and endo-f-N-acetylglucosaminidase (ENGase) mutants.”®
Notably, ApNGT is unable to transfer a GIcNAc moiety and
therefore fails to create a natural GIcNAc—Asn linkage.””*"*”
Despite that, the NGT-mediated N-glycosylation system has
attracted growing attention for N-glycoprotein/glycopeptide
production in vitro and in vivo.”*~*°

Although the X-ray crystal structures of ApNGT complexes
have been solved, electron density for the glucose moiety of
the UDP-glucose (UDP-Glc) donor and the peptide acceptor
substrate was not observed (Figure 1B and Table S1).”" The
ApNGT structure consists of three discrete domains, including
an all a-helical domain (AAD) at the N terminus (residues 1 to
257) and two Rossmann-like domains that create a GT-B fold
at the C terminus (residues 258 to 620).>" The GT-B fold is
composed of the GT-1 domain (residues 258 to 403), the GT-
2 domain (residues 427 to 620), and an interdomain (ID)
region that connects GT-1 and GT-2.>' The GT-1 and GT-2
domains form the UDP binding site at their interface (Figure
1B). The absence of comprehensive structural description for
ApNGT in complex with its intact substrates (both sugar
donor and acceptor peptide) makes it a great challenge to
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understand its catalytic mechanism and further impedes the
rational engineering of the enzyme to accept peptide sequons
with broader scope.

In this study, we used a molecular docking strategy to
construct ternary complexes for ApNGT¥** bound with
UDP-Glc and different peptide substrates. Structural inspec-
tion and statistical analysis allowed us to pinpoint the key
residues in ApNGT potentially responsible for recognizing the
+2 Ser/Thr in the N-X-S/T sequon. The constructed models
were further supported by our crystal structure of an ApNGT
binary complex. The functional roles of the identified residues
(D215, M218, Y222, and H371) in ApNGT responsible for
the substrate recognition and enzymatic catalysis were
validated by biochemical assays with site-directed mutants.
By combination of an ENGase mutant Endo CCN"% we
further applied certain ApNGT mutants to site-selectively
install human-like N-glycans to asparagine residues of natural
polypeptides originated from the SARS-CoV-2 spike protein,
achieving N-glycosylation at both canonical and noncanonical
sequons. These synthesized N-glycopeptides were used to
explore the biological roles of N-glycosylation in membrane
fusion during virus entry. This work provides deep structural
insights into the catalytic mechanism of NGT-mediated N-
glycosylation and allows synthesis of previously unknown
chemically defined N-glycoproteins. Importantly, our results
will facilitate the optimization of ApNGT activity, thereby
developing valuable enzymatic tools to generate site-specific N-
glycoproteins/glycopeptides for fundamental research and
therapeutic applications.

To identify key residues in ApNGT potentially responsible for
recognizing the N-X-S/T consensus sequon, we constructed
ternary complexes of ApNGT bound with both sugar donor
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Figure 2. Structural features of the constructed ApNGT complexes. Comparisons of representative docked complexes for peptide GNWT (A) and
GGNWTT (B) when D215 or H272 serves as the anchor residue to stabilize the +2 Thr. Zoomed-in views of the binding sites in the constructed
ternary complexes with GNWT (C), GGNWTT (D), and KNLNESLID (E) when D215 serves as the anchor residue. The peptide substrates are
shown in yellow cartoons; UDP-Glc is displayed in cyan sticks. Critical ApNGT residues are labeled and shown in stick models. HB interactions are
highlighted with black dashed lines. (F) Crystal structure of ApNGTXA/M8A with an intact UDP-Gle (PDB 8]30). The UDP-Glc binding pocket
is highlighted on the right with critical residues shown in stick models. (G) Superposition of modeled UDP-Glc (cyan) and crystal UDP-Glc

(green) with RMSD of 0.899 A.

and acceptor peptide. To achieve this, we first performed
molecular docking to explore all possible binding modes for a
given peptide toward ApNGT. We selected three peptide
sequences with varied lengths as substrates, i.e, GNWT and
GGNWTT, which have been previously identified as the ideal
N-glycosylation acceptors for ApNGT, and ''*'KNLNESL-
ID'® derived from the SARS-CoV-2 spike protein.’”** The
ApNGT structure was adopted from one crystal form of
ApNGT by removing the bound UDP ligand (PDB 3Q3H, see
Figure 1B).”" In addition, we introduced a Q469A mutation in
ApNGT (termed hereafter as wild-type ApNGT or
wtApNGT) since this substitution was found to profoundly
enhance N-glycosylation activity.”>**** Using this structure,
we performed flexible peptide docking for each of the three
peptides with Rosetta.’® A total of 50,000 docking models were
generated for each peptide substrate. Finally, we added the
UDP-Glc structure into each peptide—ApNGT docking
complex to obtain the corresponding ternary structure (see
Figure 1C and Experimental Section in Supporting Informa-
tion).
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Next, for each peptide substrate, we filtered the 50,000
ternary models based on two criteria: (1) To ensure a distance
close enough for the formation of an N-glycosidic bond, we
only allowed a distance less than S A between the amide
nitrogen (nucleophile) of the acceptor Asn in the N-X-S/T
sequon and the anomeric carbon of UDP-Glc (denoted as
Distance 1). (2) To eliminate conformations with steric
clashes between sugar donor and acceptor peptide, we set the
minimum distance of the heavy atoms (non-hydrogen)
between UDP-GIlc and peptide substrate (denoted as Distance
2) larger than 1 A. Notably, the angle of the incoming
nucleophile is not taken into account. Thus, according to the
above two geometric metrics, we obtained 1192, 1066, and 517
hits for peptides GNWT, GGNWTT, and KNLNESLID,
respectively (Figure S1).

With the filtered docking models in hand, we sought to
pinpoint key residues in ApNGT responsible for recognizing
the +2 Ser/Thr in the N-X-S/T sequon. Considering that both

https://doi.org/10.1021/jacsau.3c00214
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Ser and Thr contain a hydroxyl group, we conducted hydrogen
bond (HB) analysis to identify which residue(s) in ApNGT
might anchor the hydroxyl group of the +2 Ser/Thr to the
protein. The results indicate that both D215 and H272 are
most likely to form HB interactions with the hydroxyl group of
the +2 Ser/Thr for the chosen peptides (Figure S2). Sequence
alignment analysis further indicates that D21S is highly
conserved among ten active NGTs. 22 1292031L323%35 o the
other hand, H272 is not conserved and could be replaced by
Trp in some NGTs (Figures S2 and S3).

Detailed structural inspection demonstrates that D215
resides within the acceptor binding groove formed by the
AAD and GT-1/2 domains, resulting in an ideal peptide
loading mode in the cleft for both GNWT and GGNWTT
(Figure 2A,B). In contrast, H272 lies outside the cavity, and
the loaded peptide is not embedded in the binding groove.
This finding is further supported by the more stable packing
interactions (Packstat) between the peptide substrate and
ApNGT when D215 serves as an anchor residue, accompanied
by a larger buried solvent-accessible surface area (SASA) upon
binding (Figures S4E,F and SSE,F). Altogether, we conclude
that D215 in ApNGT is likely responsible for recognizing the
+2 Ser/Thr in the N-X-S/T sequon.

To provide structural insights into ApNGT in complex with
both sugar donor and acceptor peptide, we constructed the
ternary complex for each peptide. As described above, after
docking the peptide into ApNGT, UDP-GIlc was aligned to the
active site and the complexes were filtered via two geometric
criteria. Then, we selected one representative ternary model
from the filtered structures in which the HB between D215
and the +2 Ser/Thr was formed, and subjected it to energy
minimization (Figure 2C—E). The resulting complexes show
that the UDP moiety can form polar or nonpolar contacts with
the ApNGT residues, including K441, H49S, Y501, N521, and
D525, complying well with the interaction network observed in
the crystal structure (Figure S6A).

Since the glucose moiety of UDP-Glc was not observed in
the electron density map of former crystal structure, we thus
attempted to solve the binary complex of ApNGT with an
intact UDP-Glc. To slow down the glycosylation rate, we
introduced an additional M218A mutation to wtApNGT
(Figure S11A). We were able to obtain a binary crystal
structure of ApNGTXOMMIEA 4 5 resolution of 2.8 A (Table
S$8), and the ApNGT structure demonstrates a very similar fold
to the previously solved structure (PDB 3Q3H), with a
backbone C, RMSD value of ~0.450 A (Figure S6D).
Fortunately, we observed clear electron densities of the glucose
moiety in our binary complex (PDB 8]J30), which matches well
with the UDP-Glc structure from our modeled ternary
complexes. Thus, this crystallographic structure further
validates our theoretical models (Figure 2F,G).

In the constructed ternary complexes, the bound peptide fits
into the acceptor binding groove formed by the AAD and GT-
1/2 domains. The hydroxyl group of the +2 Ser/Thr
establishes a HB with the D215 side chain. In addition, the
side-chain methyl group of the +2 Thr forms nonpolar contacts
with M218, a highly conserved residue among NGTs (Figure
2C,D). This stabilizing interaction is absent when Ser is at the
+2 position (Figure 2E), which might explain why ApNGT has
higher N-glycosylation activity toward the N—A—T sequon
compared with N—A—S.”” In addition, the acceptor Asn fits
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into a pocket surrounded by two conserved residues, Y222 and
H371, poised for nucleophilic attack on the anomeric carbon
of UDP-Glc. Notably, to fulfill the above critical substrate
recognition, the core -NXT/S- region of the incoming peptides
with varied sequences and lengths should adopt similar
backbone conformations, thereby leading to a broad substrate
specificity for ApNGT. The flanking regions, however, are
presumably flexible. Former computational work performed by
Walvoort and co-workers adopted a much longer peptide
substrate (decapeptide) and also observed a highly flexible
nature of the binding peptides.”” Our findings thus provide
deep structural insights into the catalysis for ApNGT, guiding
further enzyme engineering.

To investigate the importance of D215 in recognizing the +2
Ser/Thr in the N-X-S/T sequon, site-saturated mutagenesis
was performed at this site. Thus, a total of 19 mutants were
successfully constructed and expressed in E. coli. The acceptor
specificity of D215 mutants was screened by an HPLC-based
method against an array of synthetic peptides with variations at
the +2 position of the sequence GGNWXT (where X # Cys).
In brief, each peptide substrate (1 mM), UDP-Glc (10 mM),
and the enzyme (1.25 uM) were mixed in Tris buffer (10 uL,
50 mM, pH 8.0). After incubation at 37 °C for 30 min,
reversed-phase high-performance-liquid chromatography (RP-
HPLC) was applied to determine the product formation.
Accordingly, the synthetic peptide library contained 18
analogues in addition to the optimal GGNWTT sequence.’”
As expected, wtApNGT had strict specificity toward the N-W-
S/T sequon, which showed over 4-fold higher activity for Thr
than Ser at the +2 position (Figure S7). However, for nearly all
D215 mutants, the glycosylation activity drastically decreased.
The exception was the D215N mutant, which displayed similar
glycosylation activity to wtApNGT against the N-W-T sequon
(in 87% and 93% yields, respectively).

Strikingly, around half of D215 mutants exhibited weak or
moderate activity toward noncanonical sequons, in which the
+2 position was neither Ser nor Thr (Figure S7). For example,
the D215R mutant could glycosylate the N-W-A or N-W-I
sequon in 19% vyield, and the D215G mutant enabled the
glycosylation of the N-W-M sequon in 29% yield. Notably, Yeo
and co-workers found that the D21SA mutant completely lost
glycosylation activity toward its natural acceptor substrate, the
HMW1 protein.”’ However, in our assays, the D215A mutant
still retained 17% activity with the peptide containing the N-
W-T sequon. We reason that the optimal peptide GGNWTT is
much smaller than the HMW]1 protein and the N-glycosylation
site can be more easily accessed by ApNGT.

Encouraged by above results, we carried out more detailed
investigations on the acceptor specificity of D215 mutants at a
higher enzyme concentration. Thus, we performed another
round of enzymatic assays with the 20-fold higher enzyme
concentration (25 uM). As expected, under the new condition,
wtApNGT still maintained strict specificity toward the N-W-S/
T sequon (Figures 3A and S8). Both the N-W-S and N-W-T
sequons were fully glycosylated by wtApNGT. Notably, the N-
W-T sequon was tolerated by most of D215 mutants. The
mutation of D215 to an amino acid residue with a relatively
small side chain (e.g, Gly, Ala, Ser, Cys, Thr, and Asn)
reduced the glycosylation activity but attenuated the stringency
of ApNGT toward the +2 position of the N-X-S/T sequon. On
the other hand, mutation to a residue with a bulky side chain,

https://doi.org/10.1021/jacsau.3c00214
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Figure 3. Peptide preferences of wtApNGT and its D215 mutants.
(A) Relative N-glycosylation activities were determined at high
enzyme concentration (25 #M) against a panel of synthetic peptides
with variation at the +2 position of GGNWX,,T (also see Figure S8
with reaction yields). (B) "H—"3C correlations in HMBC spectrum of
glycopeptide GGN(Glc)WMT. The anomeric proton of glucose (Glc-
H1) is correlated with the y-carbon of Asn (Asn-Cy), which is
indicated in red and highlighted in the chemical structure.

such as Val, Leu, Ile, Phe, Tyr, and Trp, generally gave rise to a
more severe reduction in glycosylation activity and reduced the
stringency of peptide sequons as well. However, the D215R
mutant glycosylated the N-W-A, N-W-T, and N-W-I sequons
in excellent yields. Although Asn is similar to Asp in size, the
D215N mutant exhibited broader acceptor specificity than
wtApNGT.

N-glycosylation products formed by the mutants were
further characterized by MS and NMR spectroscopic analysis.
Each N-glycosylation product is 162 m/z bigger than its
corresponding peptide substrate (Figures $20—36). To directly
prove glycosylation of the peptide, we characterized one
representative glycosylation product GGN(GIc)WMT using
2D NMR spectroscopy. Using a combination of 'H—'H
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COSY, 'H-"*C HMBC, and 'H-"C HSQC experiments, we
successfully confirmed the formation of the product, GGN-
(Glc)WMT (see Experimental Section in Supporting In-
formation). In particular, the anomeric proton of the glucose
(Gle-H1) in the "H NMR spectrum appeared at 4.94 ppm with
a coupling constant of 9.2 Hz and was correlated with the y-
carbon of Asn (at 172.8 ppm) in the HMBC spectrum (Figure
3B, indicated in red). This data supports the formation of an
N-glycosidic bond with the beta stereochemistry.

To further examine whether H272 is involved in substrate
recognition, the glycosylation activities of the H272A variant
were measured against the synthetic peptides (Figure S11B).
Clearly, the H272A mutant maintained good activity toward
N-W-S and N-W-T. Although the D215 mutants can recognize
peptides with Ala, Val, Ile, or His at the +2 position, the
H272A mutant did not show obvious activity toward these
noncanonical sequons at either low (1.25 M) or high (25
uM) enzyme concentration. This finding further suggests that
H272 is not involved in the peptide recognition.

To further characterize enzymatic properties of the enzyme,
kinetic parameters of wtApNGT and certain D215 mutants
were measured at a saturated concentration of UDP-Glc by a
HPLC-based method (Tables 1 and S6, Figure S9). As
expected, the catalytic efficiency of wtApNGT against the N-
W-T sequon was 18-fold greater than that against N-W-S (k_,./
K, = 584 and 0.32 s7' mM™', respectively). For D215
mutants, the N-W-T sequon was favored over N-W-S as well,
although with much lower k/K, values. Among D215
mutants, the D215SN mutant had the highest k./K,, value
(171 s™' mM™") toward the N-W-T sequon, but was still 3.4-
fold lower than that of wtApNGT. The results are consistent
with the fact that high concentration of the D215 mutant is
required to fully glycosylate the N-W-S/T sequon.

In all cases, mutations of D215 led to a significant decrease
in enzyme turnover (smaller k., value) and substrate binding
affinity (larger K, value). For example, compared to
wtApNGT, the K, value of the D215A mutant toward the
N-W-T sequon increased from 1.9 to 13.28 mM, and its k.,
value sharply dropped from 11.07 to 0.65 s~'. The results
indicate that D215 is essential for recognizing the N-X-S/T
consensus sequon by forming HB interactions with the +2 Ser/
Thr, as proposed in our computational study. Notably, all
tested D215 mutants show weak catalytic efficiency against
noncanonical sequons.

Since the above analyses are based on the optimized
substrate GGNWTT, we then sought to determine the kinetic
parameters of wtApNGT and its D215 mutants against three
natural peptides derived from the SARS-CoV-2 spike protein,
ie, VVNIQK, LNEVAK, and KNLNESLID. As expected,
wtApNGT only exhibited enzymatic activity toward
KNLNESLID that contains a canonical sequon, although
with a limited efficiency (1.13 s™' M, Tables 1 and S7, Figure
S10). In comparison, all three tested D215 mutants had
relatively weak activities toward LNEVAK (enzyme efficiency
<0.1 s™ M, Table S7), and only D215A and D215G were
active against VVNIQK (k./K, = 0.26 and 0.33 s™' M7,
respectively; Table 1). These results further confirmed that the
D215 mutants could indeed be applied to modify the
noncanonical sequons within natural peptides.
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Table 1. Kinetic Parameters of wtApNGT and Representative D215 Mutants”

ApNGT variants peptide substrates K, [mM] ke [s7] kepo/ Ky [s7! mM™']
WT GGNWTT 1.90 + 0.18 11.07 + 0.38 5.84
WT GGNWST 16.49 + 1.04 5.19 £ 0.19 0.32
WT KNLNESLID 0.00113
D21SA GGNWTT 13.28 + 0.85 0.65 + 0.03 0.05
D215A GGNWST 23.33 + 240 0.70 + 0.0S 0.03
D215SA GGNWVT 11.83 + 1.47 0.25 + 0.02 0.02
D215A VVNIQ_K 0.00026
D215G GGNWTT 9.32 + 0.61 1.44 + 0.0 0.15
D215G GGNWST 26.39 + 2.85 0.67 + 0.05 0.03
D215G GGNWMT 11.81 + 0.95 1.48 + 0.08 0.13
D215G VVNIQK 0.00033
D21SN GGNWTT 4.12 + 0.19 6.95 + 0.17 1.71
D215N GGNWST 12.83 + 0.93 0.76 + 0.03 0.06
D21SN GGNWAT 1221 + 1.93 0.23 + 0.02 0.02
D215N KNLNESLID 0.00013
D215R GGNWTT 8.45 + 0.99 0.27 + 0.02 0.03
D21SR GGNWST 17.55 + 2.50 0.07 = 0.01 0.004
D215R GGNWAT 7.50 + 1.03 0.76 + 0.05 0.10

“The apparent values are determined by varying the concentration of peptide substrate with fixed concentration of UDP-Glc (100 mM). For
peptides KNLNESLID and VVNIQX, linear fitting based on vy = ¢([NGT] X k.,/K,, X [peptide] was used to obtain k/K,, values.”>

In our constructed ternary complex, M218 makes additional
hydrophobic contacts with the side-chain methyl group of the
+2 Thr. To investigate the functional role of M218 in
recognizing the +2 Ser/Thr, M218 was mutated to a small
nonpolar residue, Ala, or a polar residue, His. The
glycosylation activity toward GGNWTT and GGNWST was
quantified by RP-HPLC. The M218A and M218H mutants
retained only 4% and 0.9% activity with GGNWTT,
respectively, while neither of the mutants showed obvious
activity with GGNWST (Figure S11A). These results support
the notion that M218 provides additional interactions with the
+2 Thr.

Though they are phylogenetically and structurally unrelated
to each other, the fact that NGT and OST both recognize the
N-X-S/T consensus sequon prompts us to make comparisons
about their substrate recognition and catalytic mechanism.
OST enzymes have highly conserved WWD and MXXI/DK
motifs (the MXXI motif in bacteria, the DK motif in archaea
and eukaryotes) responsible for recognizing the N-X-S/T
sequon (Figures S6E—G).**7* In NGT, we wonder if the
highly conserved **DVYM?*'"® motif fulfills a similar role
(Figure S6H).

Structurally, the side chains of V216 and Y217 are not facing
toward the active pocket (Figure S6C), thus, *'*VY*'” may
serve as a structural motif rather than a functional motif. We
tested the glycosylation activity of mutants V216A and Y217A,
respectively, and both mutants retained considerable activity
toward GGNWTT and GGNWST (Figure S11A). These
results indicate that V216 and Y217 do not participate in
recognizing the +2 Ser/Thr, consistent with our computational
models.

For OST-catalyzed N-glycosylation, several catalytic mecha-
nisms have been proposed. Imperiali and co-workers proposed
the formation of an imidate tautomer intermediate, that is, the
carboxamido oxygen of the asparagine side chain could form
HBs with the side-chain hydroxyl group and the backbone
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amide of the +2 Ser/Thr, followed by deprotonation of the
amide nitrogen by a basic amino acid residue.*’ Our
computational modeling does not support this tautomerization
mechanism for NGT, as no such general base exists in the
active site of ApNGT. Another proposed mechanism for yeast
OST involves the carboxamide twisting to activate the amide
nitrogen by D47 and E360 (corresponding to DS6 and E319 in
PglB, respectively), which are bridged by a metal ion.**~****
However, no such acidic residue pair or metal ion can be found
in the ApNGT active site, and ApNGT is known as a metal-
independent glycosyltransferase.”"*>*¢

Notably, in our constructed models, we observe that two
conserved residues, Y222 and H371, are positioned to establish
HBs with the acceptor Asn, implying their potential
involvement in the catalytic reaction, e.g, activating the
nucleophilic ability of the acceptor Asn. To further examine
the functional roles of Y222 and H371, we substituted these
two residues with Ala or Phe to abolish the HBs. The Y222A,
Y222F, or H371A mutation greatly reduced the glycosylation
activity against GGNWTT, and the double mutant of Y222A/
H371A was completely inactive (Figure SI11A). For
GGNWST, the Y222A, Y222F, H371A, and Y222A/H371A
mutants all led to loss of activity. These results suggest that
Y222 and H371 are likely involved in activating the
nucleophilic ability of the acceptor Asn, e.g., via amide twisting
by HB formation, to attack the anomeric carbon of UDP-Glc
from the opposite direction (Sy2 mechanism).

It is noteworthy that the O-GIcNAc transferase (OGT), an
O-glycosyltransferase transferring a GIcNAc moiety from
UDP-GlcNAc to the hydroxyl group of Ser/Thr (S/T-OH)
in an acceptor peptide, belongs to the same CAZy family as
NGT (GT41).”**7°° They share a similar GT-B structural
fold but with distinctive N-terminal tetratricopeptide repeats
(TPR) (Figures S6A—C)."~>° Crystal structures of human
OGT (hOGT) in complex with peptide substrate and UDP-
GlcNAc or its analog UDP-5S-GlcNAc have been reported in a
number of investigations (Figure S6B).”'™>* The lack of a
clearly defined consensus sequence for OGT is consistent with
the fact that the peptide forms direct interactions with the
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Figure 4. N-Glycosylation of Dansyl-HR2P with wtApNGT or its D215 mutants. (A) N-glycosylation reactions were monitored and quantified by
HPLC. Compound 1: 88% (WtApNGT) and 34% (D21SN mutant). Compound 2: 73% (D215A mutant), 67% (D215G mutant), and 62%
(D215S mutant). Compound 3: 14% (D21SA mutant), 16% (D215G mutant), and 5% (D215S mutant). (B—D) Identification of glycosylation
sites for compounds 2 and 3 by ESI-MS/MS analysis after trypsin digestion.

OGT residues primarily via its backbone atoms.”' ~>* Notably,
although the N-Cat **VHPH*® motif in hOGT is structurally
equivalent to the **DVYM?*"® motif of ApNGT (Figure S6C),
the former is not involved in peptide recognition.”””">'>*
Particularly, the hOGT H498 has been found to either serve as
a catalytic base to activate the S/T-OH group or purely
participate in stabilizing the sugar donor, while substitution of
H498 with Ala could significantly decrease the activity of
hOGT.**~>* Combining our observation that the 2*DVYM*'®
motif in ApNGT is responsible for anchoring the +2 Ser/Thr
in the N-X-S/T sequon, we thus conclude that the above
particular structural motifs in NGT and OGT might dictate
their unique peptide acceptor specificities.

Although the GGNWTT peptide is an ideal substrate for
ApNGT, it is an unnatural substrate. We therefore investigated
the glycosylation activity of wtApNGT and all D215 mutants
against a natural polypeptide (HR2P), '"*VVNIQKEIDRL-
NEVAKNLNESLID'*?. This sequence is derived from the
heptad repeat 2 (HR2) domain of the SARS-CoV-2 spike
protein and contains one canonical N-glycosylation site
(N'*ES) and three additional asparagine residues (at sites
1178, 1187, and 1192).> The chosen HR2 peptide is
responsible for driving the membrane fusion by forming a
six-helix bundle (6-HB) structure with HR1 and, therefore, is
considered as one of the potential antiviral targets.”> To
facilitate detection by HPLC, we labeled the polypeptide with
a dansyl group at the N-terminus (Figure S12).

As expected, the reaction with wtApNGT and UDP-Glc
produced a single product bearing only one glucose moiety
(compound 1), as confirmed by HPLC and ESI-MS analysis
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(Figures 4A, S13, and S37). However, the D215A, D215G,
D215N, and D215S mutants formed multiple products as
shown in the HPLC spectra (Figures 44, S13, and S37—42).
The products were further characterized by MS/MS analysis to
identify the precise N-glycosylation sites (Figures 4B—D and
S54—56). The results showed that the D215A, D215G, and
D215S mutants glycosylated the N''**ES sequon as well as the
N''7%IQ_sequon, resulting in 2 (monoglycosylation at N''7®)
and 3 (diglycosylation at N'"'7® and N'"%*). These three
mutants showed higher activity against the noncanonical
sequon NIQ than the canonical sequon NES, as 2 was the
major product in all reactions. Notably, we also observed a
small amount of 4, resulting from monoglycosylation at N''¥".
On the other hand, the D215N mutant displayed weak activity
against both the N'"'**ES and N"'®EV sequons to produce one
diglycosylation product 5, and two monoglycosylation
products 1 and 4. In this case, product 1, the canonical N-
glycosylation product, was a dominant product and most of
starting material was unreacted.

To explore whether the dansyl group at the N-terminus
might influence the acceptor specificity of wtApNGT and
D215 mutants, we carried out enzymatic assays with the tag-
free HR2P. The results were consistent with those of the
labeled polypeptide (Figure S14).

Moreover, we further applied wtApNGT and the D215A
mutant to the natural 37aa-polypeptide ''”'GINASVVNIQ-
KEIDRLNEVAKNLNESLIDLQELGKYE'*"”, an extended
version of the above 24aa-polypeptide. As expected, wtApNGT
only glycosylated the two canonical sequons N''’AS and
N'9ES, resulting in one major diglycosylation product P3
(Figures S15, SSO, S60, and S61) and one minor
monoglycosylation product P4 (Figures S15, SS1, and S62).
Again, the D215SA mutant showed a preference for the
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Figure 5. Investigation of the biological importance of N-glycosylation on HR2 interacting with HR1. (A) Synthetic route of compounds 7—10.
(B) Molecular modeling of 6-HB structures with N-glycosylated peptides. (C) CD spectra of HR1 and HR2P/HR2P N-glycopeptides (HR2P, 7—
10 from top to bottom panel). (D) SPR sensorgrams of the interactions between the immobilized HR1 and HR2P/HR2P N-glycopeptides (HR2P,

7—10 from top to bottom panel) at 2-fold serial dilutions.

noncanonical sequon NIQ as it did in the 24aa-polypeptide,
producing one major product P2 (monoglycosylation at N''7%,
see Figures S15, S49, and S59) and one minor product P1
(diglycosylation at N7 and N1 see Figures S15, S48, and
S58). Notably, the D21SA mutant glycosylated the N''?AS
sequon instead of N''**ES.

To elucidate the sequon selectivity of D215 mutants
observed in Figures 4A and S15, we built a three-dimensional
structure for the above 37aa-polypeptide using AlphaFold2
(Figure S61).°° The results show that the noncanonical sequon

N'"7®IQ is located in a highly flexible region, allowing it easier
access into the active site of D215 mutants. Likewise, the
canonical sequon N''73AS could also be well recognized by
both wtApNGT and D215A owing to its flexible nature.
Moreover, N''**ES lies at the junction of one a-helix and
random-coil regions, so it can still be catalyzed by wtApNGT
or the D215N variant. In contrast, both noncanonical sequons
N'¥EV and N"'"??LN are located in the middle of one a-helix
region; therefore, the rigid helical structure likely hampers the
access of the sequons into the ApNGT active site. These
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hydrogen bonds with Y222 and H371, leading to a twisting of the C—N bond and therefore to loss of conjugation of the nitrogen lone pair with the

carbonyl group, which increases the nucleophilicity of nitrogen.

results suggest that the secondary structure of a glycosylation
site could impose significant impact on the ApNGT activity.

It is well-known that glycosylation greatly influences the size,
charge, solubility, and stability of a given protein to prevent
rapid clearance and degradation from circulation. Meanwhile,
certain glycans serve as ligands for cell-surface lectins
(carbohydrate-binding receptor), mediatins% protein trafficking,
pathogen recognition and cell signaling.” Thus, the glyco-
engineering approach has been widely applied to reduce side
effects and improve biophysical/biological properties of
therapeutic proteins.”

In the postfusion conformation of the SARS-CoV-2 S
protein, the HR2 domain forms a stable 6-HB structure with
HR1, thereby bringingg viral and cellular membranes close
together for fusion.”” Notably, there is a canonical N-
glycosylation site (N''**) located at the fusion core region of
HR2 (2al179—1197) and a noncanonical N-glycan site at
N7, To investigate the biological importance of the N-
glycosylation at N''** and N''”® in forming the 6-HB structure
between HR2 and HR1, we prepared the corresponding mono-
N-glycosylated HR2P by treating HR2P with wtApNGT or
D215G mutant and UDP-Glc, leading to products 7 (at N''*%)
and 8 (at N''7®), respectively. Then, the glycosynthase Endo
CCN"% was used to transfer a human-like biantennary glycan
to 7 and 8, resulting in a canonical N-glycosylation product 9
and a noncanonical N-glycosylation product 10, respectively,
in good yields (Figure SA). These results indicated that
combination of ApNGT variants and ENGase mutants could
site-selectively install complex N-glycans within a target
polypeptide bearing multiple canonical and noncanonical N-
glycosylation sites.”

With the N-glycopeptides 7—10 in hand, we set up
experiments to characterize their biophysical/biological prop-
erties and explore their capability of 6-HB formation with
HR1.°” Upon mixing the recombinant HR1 with HR2P or 7—
10, an additional peak was observed in all size exclusion
chromatography (SEC) analyses (Figure S16), suggesting that
all tested compounds were able to form 6-HBs with HRI.
These results were further supported by circular dichroism
(CD) spectroscopic analyses, which clearly showed that
recombinant HR1 had a relatively low content of a-helicity
(with minima at 208 and 222 nm) and HR2P or 7—10 had
random coil structures as expected (Figure SC). When HR1
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was treated with HR2P or 7—10 in equimolar concentrations,
the a-helicity was increased. These findings suggested that the
interactions between HR1 and HR2P N-glycopeptides could
induce and stabilize a-helical conformation.

To quantitatively profile the interactions between HR1 and
the glycosylated HR2P, we performed surface plasmon
resonance (SPR) studies. Because the glycans were installed
at the end of HR2P molecule, His-tagged HRI1 was
immobilized on an anti-His sensor chip and HR2P
glycopeptides served as the analytes. Our SPR results showed
that HR2P was quickly bound to HR1 and the N-glycosylation
at N''* (7 and 9) slightly decreased the binding affinity,
leading to the increase in the equilibrium dissociation constant
(Kp) values from 3.25 uM to 6.78 and 6.62 uM, respectively
(Figure SD). Due to the location at the edge of the fusion core
(Figure 5B), the installation of a glucose at the N''7® of HR2P
(8) had an inconsiderable impact on the binding affinity to
HR1 (Kp, = 2.56 uM). However, further introduction of bulky
sialylated complex type glycan (SCT) at N''”® (10) resulted in
weaker interaction with HR1 (Figure SD, bottom panel). Our
molecular modeling suggests that both N''7® and N''** N-
glycosylation sites are fully exposed in the solvents but not
buried within the HR1—HR2 interface. Therefore, the N-
glycosylation likely contributes to positioning HR2 in a
suitable orientation for the HRI recognition, and both the
site and the size of N-glycosylation can influence the 6-HB
formation (Figure SB). Future attempts may extend to
examining the impact of a broader range of N-glycans on the
HR1-HR?2 interaction. This work sheds light on the biological
roles of the N-glycosylation at HR2 and guides the design of
novel antiviral inhibitors.

Altogether, we have shown these NGT mutants are useful
tools to provide novel glycopeptides for investigating the
biological importance of a specific N-glycosites, facilitating in-
depth understanding of N-glycosylation and its myriad of
functions.”’ Moreover, the newly installed natural N-glycan
can mask the protease cleavage site, while the synthetic glycan
with a reactive group (e.g., azide, alkyne) provides a handle for
further functionalization, such as conjugation with poly-
(ethylene glycol) (PEG) chains to prolong the half-life of a
protein in the bloodstream or attachment with toxins for drug
delivery.”®* Finally, as wtApNGT and its variants examined so
far fail to transfer a GIcNAc moiety to a canonical N-glycosite,
our current work also guides further attempts to gain the
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GlcNAc-transfer ability for ApNGT via bioengineering, e.g,
bump-and-hole technique.””**

In summary, by combining computational modeling and
biochemical assays, we propose the overall N-glycosylation
mechanism for ApNGT and pinpoint the key structural motif
in ApNGT responsible for regulating the acceptor substrate
specificity. The constructed models were further supported by
our crystal structure of the ApNGT binary complex. One
highly conserved motif in ApNGT, **DVYM*'¥, was found to
recognize the +2 Ser/Thr site in the N-X-S/T sequon (Figure
6). In addition, the acceptor Asn is situated between Y222 and
H371 which might take part in activating its nucleophilic
ability, e.g.,, via amide twisting (Figure 6B). Importantly, the
D215 mutants exhibit good N-glycosylation activity for Asn
residues in noncanonical sequons, which allowed us to install
N-glycans to a polypeptide bearing multiple Asn residues.
Furthermore, we explored the biological role of the N-
glycosylation on HR2 in the 6-HB formation during SARS-
CoV-2 entry. Our results show the N-glycosylation can
stabilize the 6-HB structure although the site and size of the
N-glycan can affect the binding affinity of HR2 to HRI. Our
findings provide new insights into the substrate recognition
and activating mechanism of NGT, deepen the understanding
of NGT-mediated N-glycosylation, and present a novel tool for
chemo-enzymatic synthesis of well-defined N-glycoproteins/
glycopeptides for various glycobiology studies.

All conventional chemical reagents and solvents were purchased from
commercial suppliers and used without further purification unless
otherwise stated. The genes were ordered from General Biosystems
(Anhui, China). NMR experiments were performed with a Bruker
AVANCE NEO (700 MHz) instrument. HPLC experiments were
performed by Shimadzu LC-2010A with a PDA or fluorescence
detector. ESI-MS/MS analyses were performed on a Q Exactive mass
spectrometer (Thermo Fisher Scientific). Computations were run on
the 7 2.0 cluster supported by the Center for High Performance
Computing at Shanghai Jiao Tong University.

Methods including cloning, expression, and purification of ApNGT
variants and HR1, molecular modeling, multiple sequence alignment,
crystallization and structure determination, enzymatic property
characterization, glycopeptide synthesis and characterization, ESI-
MS and MS/MS analyses, and 6-HB formation determination (SEC-
HPLC, CD spectroscopy and SPR experiments) are described in full
detail in the Supporting Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00214.

Complete experimental procedures and methods,
including supplementary tables and figures, primer
sequences, reaction conditions, kinetic analysis curves,
mass spectra, HPLC chromatograms, and NMR spectra
(PDF)

Atomic coordinates of the crystal structure have been
deposited in the Protein Data Bank (PDB) with the entry
ID 8]30.
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