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ABSTRACT: Correct elaboration of N-linked glycans in the “BH”

secretory pathway of human cells is essential in physiology. Early pGaATs
N-glycan biosynthesis follows an assembly line principle before ™.«
undergoing crucial elaboration points that feature the sequential /7 i
incorporation of the sugar N-acetylglucosamine (GIcNAc). The . y
activity of GlcNAc transferase V. (MGATS) primes the biosynthesis .~ ™ >
of an N-glycan antenna that is heavily upregulated in cancer. Still, the
functional relevance and substrate choice of MGATS are ill-defined.

GlcNAc analog

Here, we employ protein engineering to develop a bioorthogonal e
substrate analog for the activity of MGATS. Chemoenzymatic
synthesis is used to produce a collection of nucleotide-sugar analogs —

with bulky, bioorthogonal acylamide side chains. We find that WT-
MGATS displays considerable activity toward such substrate
analogues. Protein engineering yields an MGATS variant that loses activity against the native nucleotide sugar and increases
activity toward a 4-azidobutyramide-containing substrate analogue. By such restriction of substrate specificity, we show that the
orthogonal enzyme—substrate pair is suitable to bioorthogonally tag glycoproteins. Through X-ray crystallography and molecular
dynamics simulations, we establish the structural basis of MGATS engineering, informing the design rules for bioorthogonal
precision chemical tools.

B INTRODUCTION D-N-acetylglucosamine (GIcNAc) by the GIcNAc transferase
MGAT], trimming by Golgi @-mannosidase II MAN2A1 and
subsequent GIcNAc introduction by MGAT2 and MGATS,
among others, determine the glycan subtype and the number
of antennae found on the eventual mature glycan (Figure 1A).°
Among these modifications, introduction of GIcNAc to the
Manal-6Man arm to generate GlcNAc-a-1-6-Man is among
the most frequent cancer-associated glycosylation events.”
Introduction of this 6-linked GlcNAc residue is mediated by
the enzyme MGATS, and ensuing elongation by other GT's can
give rise to a long glycan chain that serves as a ligand to
immunomodulatory galectins.”*~"* Overexpression of MGATS
is frequently observed in a range of malignant tumors and
generally associated with a worse prognosis.”"*

While the biosynthetic hierarchy of GlcNAc introduction
into growing N-glycans has been recapitulated in vitro,">™" i

Glycans are essential modulators of human health. Asn (N)-
linked glycans are found in abundance on proteins trafficking
through the secretory pathway. Dysregulated biosynthesis of
N-glycans is associated with congenital disorders of glyco-
sylation that often manifest in neurological and developmental
disabilities." N-glycans modulate folding, stability, and
biochemical activity of proteins, with manifold interactions
mediated by glycosylation that are relevant for signaling,
trafficking, and immune function.”™* Certain structural features
of N-glycans, such as increased branching, have been related to
tumor progression.”

Unlike proteins and nucleic acids, glycans are refractory to
simple manipulation with conventional methods of molecular
biology. N-glycans are made in the secretory pathway in an
enzymatic process reminiscent of an assembly line, with the
glycosyltransferase (GT) repertoire in cells intricately influenc-
ing the structure of mature glycans.” A common precursor rich
in D-mannose (Man) and containing central Man-a-1-3-Man
and Man-a@-1-6-Man-linked arms is preassembled, transferred
to polypeptides in the endoplasmic reticulum, and matured in
the Golgi by the activity of glycosidases and GTs. Following
initial trimming events, modification with the monosaccharide

it
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Figure 1. Principle of MGATS bump-and-hole engineering. (A) GlcNAc addition by MGAT1, MGAT2 and MGATS presents bifurcation points in
the biosynthesis of N-glycans, with intermediate trimming by MAN2A1. New GlcNAc moieties added in each step are highlighted in orange. (B)
Bump-and-hole (BH) engineering to generate a new MGATS enzyme—substrate pair that uses bumped, bioorthogonal UDP-GIcNAc analogs as
substrates. (C) MGATS gatekeeper residues chosen by proximity to the UDP-GIcNAc acetamide in published crystal structures and our own

molecular dynamics (MD) data.”®

is not clear why different glycosylation sites carry structurally
different N-glycans that can either display or lack the 6-
GlcNAc antenna. Through a combination of crystallography
and computational modeling, we have shown that MGATS
undergoes substantial structural rearrangements upon binding
the nucleotide-sugar donor uridine diphospho(UDP)-
GIcNAc.”® Existing crystal structures highlight the binding
mode of the natural heptasaccharide acceptor glycan termed
NGA2, often by employing a truncated pentasaccharide
termed MS92 that lacks the terminal chitobiose core.”””!
These data have led to the hypothesis that steric access to
glycoprotein substrate might determine MGATS engagement.
However, investigating this hypothesis will require methods to
systematically inform which N-glycans on a substrate protein
are specifically modified by MGATS.

Chemical tools have fundamentally transformed glycobiol-
ogy. Considerable synthetic efforts have led to candidate
inhibitors for MGATS based on analogs of UDP-GIcNAc,”
glycan acceptor,” >’ or hybrid structures,”" and have aided in
understanding the complex biology of the enzyme. In turn,
bioorthogonal sugars, including azides or alkynes usually as
part of modified acylamides, serve as metabolic reporter tools
for glycosylation.”””" For instance, the sugar GIcNAz bearing a
2-azidoacetamide has been widely used in glycoproteome
analysis.””**™* Cellular biosynthetic enzymes convert bio-
orthogonal sugars such as GIcNAz with small modifications to
UDP-GIcNAc analogs that are then used by a range of GTs.
The secretory pathway hosts a number of structurally diverse
GIcNAc transferases that use such substrates. Some GlcNAc
transferases, including MGAT2 and MGATS, display signifi-
cant promiscuity toward chemical modifications, including
larger diazirine-containing acylamides.34 Therefore, no bio-
orthogonal reporter tools are available that are selective for
individual GIcNAc transferases such as MGATS.

Based on our structural data, we envisioned that a tactic
termed bump-and-hole (BH) engineering could be applicable
to generate a bioorthogonal reporter tool for MGATS. In this
tactic, an enzyme is engineered (to contain a “hole”) by
replacing large hydrophobic residues with smaller amino acids,
creating space for a ligand “bump” that is in this case the
acylamide of a bioorthogonal UDP-GIcNAc analog (Figure
1B).>>™*" In previous renditions of glycosyltransferase BH
engineering, two structural aspects contributed to orthogon-
ality of enzyme—substrate pairs. First, the WT enzyme often

has little activity toward bumped substrate analogues. Second,
due to the enlargement of the substrate binding site and the
absence of hydrophobic interactions, the BH-enzyme loses
affinity toward the native nucleotide-sugar.**™** While both
aspects are generally desirable, the precise features that
contribute to a successful BH approach have not been mapped
in detail. Furthermore, no comprehensive BH campaign has
been undertaken for GIcNAc transferases in the secretory
pathway as of yet.”

Here, we report the development of a BH strategy for
MGATS as a GlcNAc transferase with outstanding biological
relevance. Our approach features the structure-informed design
of an MGATS BH enzyme—substrate pair, fueled by the
chemoenzymatic synthesis of a collection of bumped,
bioorthogonal UDP-GIcNAc analogs. We find that WT-
MGATS displays promiscuity toward such analogues. En-
gineering the active site introduces substrate specificity mainly
by restricting activity toward the native substrate UDP-
GIcNAc, in addition to increasing acceptance of a 4-
azidobutyramide-containing analog.

B RESULTS AND DISCUSSION

Structurally Informed Bump-and-Hole Mutagenesis
of MGATS5. An essential prerequisite to BH engineering is the
identification of hydrophobic residues termed “gatekeepers” in
proximity to the substrate functlonallty to be chemically
modified (i.e., the acetamide).*® Ideally, this process builds on
a model of the complex between nucleotide-sugar and GT
which can be challenging to obtain by crystallography. Our
previous work enhanced a ternary MGATS/UDP/MS92
cocrystal structure, introducing UDP-GIcNAc by molecular
dynamics (MD) and quantum mechanics/molecular mechan-
ics (QM/MM).” With this orientation of UDP-GlIcNAc in the
active site in hand, we commenced with identifying potential
gatekeeper residues (Figure 1C). The residues Val45S and
Phe458 are in immediate proximity to the GIcNAc acetamide,
and are part of a short a-helix that recruits UDP-GIcNAc via a
strong 1nteract10n of Lys454 with one of the UDP
phosphates.”” Phe517 is also part of the hydrophobic pocket
that accommodates the GIcNAc acetamide in the modeled
MGATS/UDP-GIcNAc/MS92 structure (Figure 1C). Based
on the synergy of crystallography and MD simulations, we
chose Val455, Phe458, and PheS17 as suitable residues for
protein engineering. We generated constructs of MGATS in
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Figure 2. Synthesis of bumped, bioorthogonal UDP-GIcNAc analogs. (A) Overview of analogs. (B) Chemical synthesis to generate analogs 3, S, 7,
and 8. (C) Chemoenzymatic synthesis of UDP-GIcNAc 1 and analogs 3, 4, 6, 9, and 10 employing NahK and engineered variants of human AGX1.
Insert: crystal structure of human AGX1 with UDP-GIcNAc (PDB 1JV1). Turnover was monitored by UPLC with UV absorption of UDP-sugars
normalized to a standard curve, or by LC-MS with peak integration normalized to sugar-1-phosphate concentration for compound 9 since the
NahK reaction did not proceed to completion. Data are means in single-enzyme assays (NahK) or coupled assays with NahK (AGX1 variants)
from at least two independent replicates each. Reagents and conditions: (a) 3-(N,N-dimethylamino)-1-propylamine, THF, r.t,, 2 h, $8—66%; (b)
iPr,NP(OAIll),, 1H-tetrazole, DCM, r.t, 30 min then mCPBA, — 40 °C, 30 min, 68—75%; (c) Pd(PHj;),, pTsSO,Na, THF, MeOH, r.t,, 16 h; (d)
Uridine monophosphomorpholidate, 1-methylimidazolium chloride, DMF, r.t,, 16—32 h, 8.5% (over (c) and (d)); (e) Et;N, MeOH, H,O, r.t, 3—

16 h, S8 or 6% over (c), (d), and (e).

which Phe458 was substituted with Ala, Gly or Val. These
single mutants were further analyzed in combination with
secondary mutants in Phe517 (Ala or Leu), Val4SS (Ala) and
Ser457 (Gly or Ala), rationalized by the additional space such
changes would provide for chemical modifications. In total, 12
MGATS variants with rationally chosen amino acid sub-
stitutions were produced as soluble, Hiss-tagged constructs
from insect cells for in vitro validation (Supporting Figure 1).

Chemoenzymatic Synthesis of Bumped, Bioorthogo-
nal UDP-GIcNAc Analogs. Combinatorial evaluation of
suitable BH enzyme—substrate pairs requires a collection of
bumped, bioorthogonal substrate analogs. We targeted nine
derivatives of UDP-GIcNAc 1 containing functionally diverse
acylamide side chains based on our experience in engineering
other glycosyltransferases.”*>**" Analogs contained azides
(2—6, 9—-10) or alkynes (7, 8) as linear acylamides or with
small (methyl, ethyl) branches (Figure 2A).”*'~* Analogs 3,
S, 7 and 8 were synthesized employing phosphoramidite
chemistry (Figure 2B).*>* To streamline syntheses of other
UDP-GIcNAc analogs, a chemoenzymatic workflow was then
established using transferases from human or bacterial
sources.”""*~** A limitation of human biosynthetic enzymes
is their low tolerance toward acetamide modifications larger
than a simple azide.””*"*>*” We have recently established a
method to generate analogs of N-acetylhexosamines with
sterically more demanding acylamides in cells,""**** which
was employed by Cappicciotti and colleagues in a one-pot
multienzyme (OPME) procedure in vitro."”*> The approach
features the bacterial kinase NahK from Bifidobacterium longum
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to phosphorylate the anomeric hydroxyl group. Engineered
variants of the human pyrophosphorylases AGX1 or AGX2
then convert sugar-1-phosphates to UDP-sugars.*"**°%!
Supported by structural data, AGX1 variants commonly
replace Phe383 with smaller amino acids to enlarge the active
site and, in turn, accommodate bulkier sugar-1-phosphate
analogs.”">> While this OPME approach has been used to
synthesize a small collection of chemically tagged UDP-sugar
analogs,*""*’ the substrate scope is currently not known. We
first established that recombinant NahK catalyzes the initial
phosphorylation step for all GIcNAc analogs in 79 to 100%
conversion as monitored via ultraperformance liquid chroma-
tography (UPLC) with mass spectrometry detection (Figure
2C).

We then used recombinant AGX1 variants for UDP-sugar
synthesis.” Alternatively to substituting Phe383 to Ala and
Gly, we substituted the Phe381 residue that is also in proximity
to the acetamide side chain, generating a total of six engineered
AGX1 constructs with single and double substitutions.*”>>
GlcNAc analogs were converted to UDP-sugars 1, 3, 4, 6, 9,
and 10 in 15 to 70% conversion by the combination of NahK
with AGX13%%4 or AGX173%3¢ (Figure 2C). The F383A variant
displayed a slightly higher turnover for branched azides 4 and 9
than the F383G variant. Other AGX1 variants generally led to
lower conversion, with notable exceptions such as the variant
F381A/F383A which generated branched azide 9 in 68%
conversion and the F381G variant that made linear azide 10 in
73% conversion. We concluded that NahK/AGX1™%* is an
efficient OPME system for the generation of a collection of

https://doi.org/10.1021/jacs.4c05955
J. Am. Chem. Soc. 2024, 146, 26707—26718
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Figure 3. MGATS BH engineering. (A) MGATS variants were subjected to UDP-GIcNAc analogs in end point enzymatic assays, using
procainamide (PA)-tagged NGA2 heptasaccharide as an acceptor substrate and analysis by UPLC with either UV absorption (1 and analogs 2, 6, 8,
10) or MS detection (analogs 3, 4, 5, 7, 9). Data are means from two independent replicates (see also Supporting Figure 3). (B) Michaelis—
Menten enzyme kinetic experiment of BH-MGATS with UDP-GIcNButAz 6. Constants were calculated based on three independent replicates per
substrate concentration. (C) competition experiments employing both UDP-GIcNAc and UDP-GIcNButAz 6 in end point enzymatic experiments
with WT- and BH-MGATS. The reactions led to two octasaccharides that were individually quantified by UPLC with UV detection. Reaction
mixtures contained 0.2 mM UDP-GlcNButAz 6 and either 0.2, 0.4, or 0.8 mM UDP-GIcNAc. Data are individual data points with means + SD

from three independent replicates.

bumped UDP-GIcNAc analogs. We employed suitable OPME
conditions for the chemoenzymatic synthesis of UDP-GIcNAc
analogs on preparative scale to fuel MGATS enzyme assays
(Supporting Information).

Upon compound characterization by nuclear magnetic
resonance spectroscopy (NMR), we noted that peaks
corresponding to the vinylic protons in the uracil moiety
(approximately § = 7.85 and 5.95) appeared to distribute into
several peaks that were not removed upon repeated
purification efforts. We attributed these to either rotamers or
tautomers.””>* A variable temperature NMR experiment
revealed that the lower-field peaks gradually disappeared
when the temperature was increased from 30 to 70 °C, and
reappeared upon cooling to room temperature (Supporting
Information). These data confirmed rotamers or tautomers as
the most likely sources for additional vinylic 'H NMR
resonances.

Development of an MGAT5 Bump-and-Hole En-
zyme—Substrate Pair. MGATS transfers GIcNAc to the
NGA2 N-glycan intermediate in the secretory pathway. To
assess whether engineered MGATS variants accepted synthetic
UDP-sugar substrates in this reaction, we used procainamide
(PA)-labeled NGA2 as an acceptor substrate in an in vitro
enzymatic experiment with UPLC read-out.'”'”** Employing
a hydrophilic stationary phase, the resulting octasaccharides
were detected by UV absorbance or MS integration, allowing
turnover calculations (Supporting Figure 2). Two individual
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replicates were performed (Supporting Figure 3). WT-
MGATS displayed a remarkable substrate promiscuity: In
addition to using the natural substrate UDP-GIcNAc 1
(quantitative conversion) as well as the sterically non-
demanding analog UDP-GIcNAz 2 (49%) as substrates,
(Figure 3A), WT-MGATS accepted all other compounds 3—
8 to varying (6—62%) degrees, especially UDP-GIcNAc
analogs 5—8 with linear azide or alkyne side chains. In
contrast, all engineered MGATS variants showed substantially
lower conversion (2—40%) of UDP-GIcNAc 1 (max. 39%) and
UDP-GIcNAz 2 (max. 9%), which we attribute to a lack of
hydrophobic interactions between the acylamide side chains
and the enlarged active sites. Gratifyingly, we observed a clear
selectivity for acceptance of UDP-GIcNAc analog 6 termed
UDP-GIcNButAz by MGATS variants with replacements of
both Phe458 and Phe517 (Figure 3A). These variants typically
showed low conversion (<10%) of all other compounds,
especially the native substrate UDP-GIcNAc 1 (2—6%). The
azide- and alkyne-tagged UDP-GIcNAc analogs 3—5 and 7—8
showed little acceptance by MGATS variants. Azide-tagged
UDP-GIcNAc analogs 9—10 were only tried with the most
successful MGATS variants with Phe458/Phe517 replace-
ments, and displayed either low selectivity (9) or low
conversion (10). Remarkably, WT-MGATS even accepted a
S-azidopentynamide modification in compound 10 as a
substrate, confirming the substrate promiscuity of non-
engineered enzyme. These data highlight an intriguing
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Figure 4. BH-MGATS bioorthogonally tags substrate glycoproteins. (A) In vitro glycosylation of glycoproteins containing remodeled complex N-
glycans, as assessed by streptavidin blot after CuAAC with biotin-alkyne. Left, in vitro glycosylation of asialo-agalactofetuin. Right, in vitro
glycosylation of a desialylated, degalactosylated membrane protein fraction of Lec4 CHO cells. Data are from one out of two independent
replicates. (B) Released N-glycan MS spectra of fetuin (top), asialo-agalactofetuin (middle) and GlcNButAz-ITag click-reacted glycans (bottom).
Asterisks denote an additional sodium. Data are from one experiment. (C) MS/MS fragmentation spectrum of modified N-glycan
Man;GIcNAc,GIcNButAz-ITag (1723.7 m/z) showing incorporation of GlcNButAz-1Tag. The 407.2 m/z fragment ion was diagnostic of the
GlcNButAz-1Tag and was only observed in the modified N-glycan MS/MS spectra (see also Supporting Figure 6C). Data are from one experiment.
(D) In vitro glycosylation of glycoproteins containing remodeled pentamannosyl N- glycans, as assessed by streptavidin blot after CuAAC with

biotin-alkyne. Left, in vitro glycosylation of a remodeled Man;-Fc protein (arrowhead).®®

Right, in vitro glycosylation of a remodeled membrane

protein fraction of Lecl1 CHO cells. WT- or BH-MGATS reaction mixtures contained 0.2 mM UDP-GIcNButAz 6 and/or either 0.2 mM (small
bar) or 0.8 mM (big bar) UDP-GIcNAc. Data are from one out of two independent experiments.

structure—activity relationship where substrate selectivity of
BH-engineered MGATS is mainly driven by the loss of
recognition of native substrate UDP-GIcNAc 1. Furthermore,
acceptance of the 4-azidobutyramide in 6 is somewhat
enhanced from WT-MGATS.

We further investigated the combination of UDP-GIcNBu-
tAz 6 with MGATS™SV/BL how called BH-MGATS, that
showed the most favorable conversion among all putative BH-
enzyme/substrate pairs. The Michaelis—Menten kinetic
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parameters Ky and k, of the BH-MGATS/UDP-GIcNButAz
6 pair were 2- to 3-fold lower than for the WI-MGATS/UDP-
GIcNAc pair (Figure 3B). We concluded that BH-MGATS
incorporates UDP-GIcNButAz 6 into acceptor glycans with
turnover kinetics that are within an order of magnitude (8-fold
reduction) of the WI-MGATS enzyme/substrate pair. Similar
attributes have been found for successful BH approaches of

other transferase families as well as other glycosyltrans-
ferases."%>°¢
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MD simulation are shown.

Mindful that WT-MGATS accepted the bumped substrate
UDP-GIcNButAz 6 to a certain degree in end point assays, we
attempted to perform Michaelis—Menten analysis of this
reaction but observed <4.5% conversion under the reaction
conditions used for BH-MGATS even at the highest (2.5 mM)
substrate concentration (Supporting Figure 4). A competition
experiment was therefore designed in which WT- or BH-
MGATS were subjected to different ratios of UDP-GIcNAc
and UDP-GIcNButAz 6, to mimic substrate exposure in the
secretory pathway. After incorporation into acceptor substrate,
both GIcNAc- and GIcNButAz-containing octasaccharides
were detected. BH-MGATS strongly preferred UDP-GIcNBu-
tAz 6, with an 8-fold higher incorporation of GIcNButAz into
the acceptor even when UDP-GIcNAc was at a 4-fold excess.
Strikingly, the inverse trend was observed for WT-MGATS,
accepting UDP-GIcNAc with 10-fold higher preference out of
an equimolar mixture with UDP-GIcNButAz 6. This ratio
increased to 56-fold when UDP-GIcNAc was at a 4-fold excess,
with barely measurable incorporation of GlcNButAz (Figure
3C). Taken together, BH-MGATS/UDP-GIcNButAz 6 are a
selective enzyme—substrate pair, mainly driven by the
negligible activity of BH-MGATS toward UDP-GIcNAc 1
compared to WI-MGATS.

BH-MGATS5 Bioorthogonally Tags Substrate Glyco-
proteins. We next assessed whether BH-MGATS selectively
incorporates GIcNButAz 6 into suitable glycoprotein acceptor
substrates. Bovine fetuin contains three N-linked glycosylation
sites at Asn99, Asnl56, and Asn176, and each is occupied with
either a biantennary or a triantennary glycan.”” Commercially
available asialofetuin was initially employed as a model
glycoprotein containing nonsialylated, galactose-terminating
N-glycans. Treatment with p-galactosidase remodeled N-
glycans into the NGA2 structure that served as an acceptor
substrate for MGATS.”® This asialo-agalactofetuin was
incubated with BH-MGATS/UDP-GIcNButAz 6 as well as
increasing concentrations of UDP-GIcNAc to mimic the
conditions in the secretory pathway (Figure 4A). Treatment
with biotin-alkyne under copper-catalyzed azide—alkyne cyclo-
addition (CuAAC) conditions and streptavidin blot was used
to assess BH-MGATS activity (Figure 4A, Left). Efficient
incorporation of GlcNButAz into asialo-agalactofetuin by BH-
MGATS was observed, independent of the concentration of
UDP-GIcNAc in the reaction mixture. In contrast, WT-
MGATS exhibited only trace incorporation when UDP-
GIcNButAz 6 and UDP-GIcNAc were provided in a 1:1
ratio. A 4-fold excess of UDP-GIcNAc further reduced this
signal, confirming that WI-MGATS prefers UDP-GIcNAc as a
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substrate. We then assessed incorporation in a more complex
glycoprotein sample. The sialidase/f-galactosidase glycan
remodeling regime was applied to a membrane protein fraction
of the Lec4 Chinese hamster ovary (CHO) cell variant that
lacks intrinsic MGATS activity.””®" Glycosylation in vitro with
BH-MGATS/UDP-GIcNButAz 6, subsequent CuAAC with
biotin-alkyne and streptavidin blot revealed robust biotin
labeling of a range of glycoproteins (Figure 4A, Right). An
excess of UDP-GIcNAc did not abrogate this signal, high-
lighting the selectivity of BH-MGATS for UDP-GIcNButAz 6.
In contrast, as seen above, WT-MGATS showed residual biotin
labeling with a 1:1 UDP-GIcNButAz 6/UDP-GIcNAc ratio
that was further substantially reduced when UDP-GIcNAc was
at a 4-fold excess. We characterized chemically modified N-
glycans released from fetuin preparations by mass spectrometry
(MS, Figure 4B). Comparing complex-type N-glycans before
(Figure 4B, top) and after desialylation and degalactosylation
(Figure 4B, middle) indicated remodeling to both di- and
triantennary GIlcNAc-terminating core structures. Upon
incubation with BH-MGATS and UDP-GIcNButAz, GlcNBu-
tAz incorporation was tracked by treatment with an alkyne-
containing, permanently positively charged imidazolium tag
(ITag) previously found by us and others to enhance detection
by mass spectrometry.””*>"®* CuAAC with ITag-alkyne
enabled detection of both tri- and tetra-antennary N-glycan
structures containing the newly formed GlcNButAz-a-1—6-
Man linkage (Figure 4B,C, Supporting Figure 6C). Treatment
with WT-MGATS and UDP-GIcNAc instead produced the
corresponding nontagged N-glycan core structures (Support—
ing Figure §). Tandem MS by collision-induced dissociation
produced a signature ion at 407.2 m/z corresponding to ITag-
linked GIcNButAz, as well as N-glycan fragmentation patterns
that differentiate tagged from nontagged GIcNAc moieties
(Figure 4C, Supporting Figure 6). Taken together, we
concluded that BH-MGATS selectively introduces GlcNButAz
into glycoprotein substrates, and allows tracking of the newly
formed GIcNButAz-a-1—6-Man linkage by MS.

We next showed that BH-MGATS can be employed to tag
glycoproteins within an assembly line of N-glycan elaboration
in vitro. A recombinant monomeric antibody Fc fragment
containing a single pentamannosyl N-glycan per polypeptide
was used as a substrate glycoprotein.”” Treatment with
recombinantly expressed MGAT1, MAN2A1,°® and MGAT?2
led to a substrate glycoprotein carrying the NGA2 structure
that could be elaborated with BH-MGATS/UDP-GlcNButAz
6 (Supporting Figure 7).

Subsequent CuAAC with biotin-alkyne followed by
streptavidin blot indicated specific chemical tagging of the Fc
protein by BH-MGATS, but not WI-MGATS (Figure 4D,
Left). The same remodeling approach was followed using a
membrane protein fraction of the Lecl CHO cell line that
lacks MGAT1 activity and displays pentamannosylated N-
glycans.””®" Incorporation of GlcNButAz into glycoproteins by
BH-MGATS was confirmed, which was not outcompeted by
an excess of UDP-GIcNAc (Figure 4D, Right). The use of WT-
MGATS led to a low background signal that was abrogated by
an excess of UDP-GIcNAc in the reaction mixture. These data
indicated that BH-MGATS recapitulates the activity of the WT
enzyme within an assembly line of N-glycan elaboration.

Structural Basis of MGAT5 BH Engineering. Prior
attempts by our group to generate MGATS/UDP-GIcNAc
crystal complexes proved unproductive.”’ Toward capturing a
BH-MGATS/UDP-GIcNButAz 6/MS92 crystal complex, we

crystallized a variant of BH-MGATS bearing a substitution of
the catalytic Glu297 to Ala to prevent UDP-GIcNButAz 6
turnover without altering the fold of the enzyme. However,
soaking experiments using UDP-GIcNButAz 6 + MS92 failed
to yield any structures of the binary or ternary complexes. To
understand how the BH mutations are positioned within the
active site, we solved a crystal structure of the triple MGATS
variant E297A/F458V/ES17L in complex with UDP and
MS92 (Supporting Information). This structure closely aligned
with the corresponding WT-MGATS ternary complex (Figure
5A), with a root-mean-square deviation of 0.49 A over the
entire protein (988 aligned residues for chains A and B,
superposed by Ca atoms). The gatekeeper residues in WT-
MGATS, Phe458 and Phe517 overlaid directly with the BH-
MGATS variant residues, Val458 and LeuS17 (Figure SA,
insert). While the latter amino acid side chains adopted a
similar spatial trajectory as the parental Phe side chains, the
space occupied is substantially smaller, enlarging the active site
as a defining feature of BH engineering.

Our previous WT-MGATS structural campaign revealed
flexibility of the enzyme especially upon sequential substrate
binding. To assess the basis for UDP-sugar binding, we
employed computational modeling to place UDP-GIcNButAz
6 into the active site of BH-MGATS. MD simulations (500 ns)
were performed to assess the structural flexibility in BH-
MGATS (Supporting Information). We found that the azide
group is preferentially oriented toward F458V and F517L, well
positioned in the cavity created by the BH substitutions
(Figure SB). To further investigate the conformations adopted
by the 4-azidobutyramide group, we analyzed the MD
trajectory with a clustering algorithm. The 4-azidobutyramide
is oriented toward the variant residues in the most populated
clusters. The average distance between the terminal nitrogen
and the y-C atom of LeuS17 (d1) and Val458 (d2) is 4.64 and
3.50 A, respectively (Figure 5B). In contrast, a minor
population presents the azide chain facing away from Val458
(Supporting Figures 8 and 9). This conformation of the 4-
azidobutyramide might fit in the active site of WT-MGATS,
which would explain why the WT enzyme displays some
affinity for UDP-GIcNButAz 6. A combination of X-ray
crystallography and computational modeling thus obtained
valuable molecular insight into the structural basis of MGATS
bump-and-hole engineering.

B CONCLUSIONS

Understanding the roles of individual GTs in physiology is
hampered by the complex biosynthetic dependencies in the
secretory pathway. Genome engineering has produced a large
panel of knockout cell lines for the genes encoding GTs
including MGATS, revealing implications on the role of the 6-
GlcNAc antenna in skin growth, viral infection and chimeric
antigen receptor function.”’”’ Through biochemical studies,
the importance of individual MGATS domains for substrate
binding has been elucidated.”' While methods and instru-
mentation in mass spectrometry have rapidly advanced to
produce comprehensive N-glycoprotein data sets, detecting
and distinguishing complex N-glycans such as those modified
by MGATS is still challenging. Chemical, bioorthogonal tools
are suitable to enrich glycoproteins for ensuing mass
spectrometry but classically display little glycan specificity.
Through bump-and-hole engineering, we have previously
tailored such tools to be specific reporters of GT activity for
Ser/Thr (O)-linked glycans.****°*”> Applying the tactic to
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GTs biosynthesizing N-linked glycans was out of reach until
recently because of the absence of structural data depicting the
presence of UDP-GIcNAc in their active sites, and because of a
lack of a suitably sized collection of bumped UDP-GIcNAc
analogs.

Innovations in both the structural biology of MGATS and
the chemoenzymatic assembly of nucleotide-sugars were
crucial prerequisites for success. Our work featured the use
of promiscuous biosynthetic enzymes NahK and AGX173%3* as
a highly useful OPME system. Design of the BH-engineered
active site was aided by structural considerations in a process
that highlights the importance of both crystallography and
computational simulations. We anticipate that the structural
investigation of UDP-sugar binding in the BH-MGATS variant
will aid future bump-and-hole campaigns for other glycosyl-
transferases.

In our previous glycosyltransferase BH work, selectivity in an
orthogonal enzyme—substrate pair was usually driven by the
incompatibility of the WT enzyme with chemically modified
UDP-sugar.”**® In addition, we have frequently observed that
engineered glycosyltransferases lose activity toward the smaller,
native substrate, presumably due to the loss of hydrophobic
interactions in the enlarged active site.>**° In contrast, seminal
work by Qasba, Hsieh-Wilson and colleagues to engineer the
galactosyltransferase B4AGALT]1 largely retained acceptance of
the native nucleotide-sugar.”>’* From in vitro end point
enzymatic assays, we discovered that WT-MGATS displays
considerable catalytic activity toward donor analogs with
various modifications at the acetamide position, including
linear azides and alkynes. These data are consistent with the
finding that WT-MGATS accepted a diazirine-containin%
UDP-GIcNAc analog in cells by Kohler and colleagues.’
Our MD simulations posit that WT-MGATS binds such
analogs in a conformation in which the acylamide side chain
points away from the residues Phe458 and PheS17. While
enabling enzymatic activity, this substrate conformation
appears to be catalytically less productive than the con-
formation facing those residues, leading to reduced conversion
in vitro. In contrast, our BH-MGATS variant displayed
increased acceptance of UDP-GIcNButAz 6 while completely
losing activity against UDP-GIcNAc 1.

We are mindful that the terminology of “gatekeeper”
residues that is normally used in BH engineering may not be
applicable in the classical sense herein, since engineering
appears to restrict rather than expand the substrate profile.
However, the term is used since engineering does improve
acceptance of bumped substrate 6 in end point assays and
kinetic measurements. Furthermore, WT-MGATS did not
accept UDP-GIcNButAz 6 to a notable degree in the presence
of the better substrate UDP-GIcNAc, suggesting specificity of
the BH system in a biological setting.

We note that the affinity of WT-MGATS for its substrate
UDP-GIlcNAc is likely among the lowest of the human GlcNAc
transferases, with a K,; in the millimolar range.zo’22 This low
affinity is replicated in our BH system, which introduces the
challenge in cellular application that background incorporation
of GIcNButAz by other transferases may be observed. Our
choice of MGATS as a target transferase was inspired by the
possibilities offered through extensive structural data, despite
the inherently low acceptance of UDP-GIcNAc. Exoenzymatic
glycan remodeling has been successfully applied to install
chemical functionality into cell surface glycans, as a potential
application of BH-MGATS that does not involve cellular
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delivery of the enzyme.”>’® However, the BH approach is also
uniquely suited to tailoring a substrate to the active site of an
enzyme, which can lead to a further increase of affinity over the
native enzyme—substrate pair.** We expect that our founda-
tional work on a functional BH system will allow us to address
the implications of substrate affinity and related questions on
the physiological activity of MGATS. We have gained valuable
insights into engineering GIcNAc transferases that will be
translatable to similar enzymes in the expansion of our glycan-
based chemical toolbox.
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