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Abstract

The conserved N-glycan on Asn297 of immunoglobulin G (IgG) has significant impacts on antibody

effector functions, and is a frequent target for antibody engineering. Chemoenzymatic synthesis

has emerged as a strategy for producing antibodies with homogenous glycosylation and improved

effector functions. Central to this strategy is the use of enzymes with activity on the Asn297 glycan.

EndoS and EndoS2, produced by Streptococcus pyogenes, are endoglycosidases with remarkable

specificity for Asn297 glycosylation, making them ideal tools for chemoenzymatic synthesis.

Although both enzymes are specific for IgG, EndoS2 recognizes a wider range of glycans than

EndoS. Recent progress has been made in understanding the structural basis for their activities

on antibodies. In this review, we examine the molecular mechanism of glycosidic bond cleavage

by these enzymes and how specific point mutations convert them into glycosynthases. We also

discuss the structural basis for differences in the glycan repertoire that IgG-active endoglycosidases

recognize, which focuses on the structure of the loops within the glycoside hydrolase (GH)

domain. Finally, we discuss the important contributions of carbohydrate binding modules (CBMs)

to endoglycosidase activity, and how CBMs work in concert with GH domains to produce optimal

activity on IgG.
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Introduction

Glycosylation is a common post-translational modification of pro-
teins in many biological systems and refers to the addition of glycans
to the side chains of proteins, creating glycoproteins. These modi-

fications can impact proteins substantially, influencing their folding
patterns, stability, serum half-life and function (Helenius and Aebi
2001, Petrescu et al. 2006; Marth and Grewal, 2008; Hart and
Copeland 2010). They are particularly important in the immune
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Fig. 1. (a) The different types of N-glycosylation. (b) Schematic representation of the chemoenzymatic synthesis of homogenous IgGs using EndoS(2) WT,

EndoS(2) glycosynthase mutants and glycan oxazoline derivatives. Asterisks (∗) denote carbohydrates that can be variable. Representation of structural details

of EndoS and EndoS2 are displayed in Figure 2. (c) Catalytic mechanism proposed for hydrolysis by EndoS(2). (d) Glycosylation mechanism of EndoS(2)

mutants. (e) Structural superposition of the catalytic sites of EndoS (4NUY) and EndoS2 (6MDV), demonstrating conservation of catalytic residues, using EndoS2

numbering. (f) Residue mutations in the binding site of EndoS(2) to obtain efficient glycosynthases are labeled: EndoSD233M, EndoSD233Q/Q303L, EndoSD233Q/E350Q,

EndoSD233Q/Y402F/D405Q, EndoS2D184M and EndoS2T138Q.

system, contributing to lymphocyte development, cell adhesion,
immune signaling, and host-pathogen interactions (Varki 1993;
Haltiwanger and Lowe 2004; Nimmerjahn and Ravetch 2008;
Jefferis 2009; Alhorn et al. 2010; Dalziel et al. 2014; Macauley
et al. 2014). Perhaps no carbohydrate is better studied than
the conserved N-linked glycan attached to the Asn297 residue
of the fragment crystallizable (Fc) region of immunoglobulin G
(IgG) antibodies (Figure 1a). The composition of this complex
biantennary glycan has important effects on the structure and

dynamics of the antibody Fc, which in turn critically modulate
its effector functions (Jennewein and Alter 2017). For instance,
removal of the entire Asn297-linked glycan results in almost
complete loss of Fc γ receptor (Fcγ R) binding and comple-
ment fixation (Lu et al. 2015; Subedi Ganesh and Barb 2015).
However, the absence of the core fucose moiety alone increases
binding to the activating receptor Fcγ RIIIa ∼ 100-fold, producing
markedly increased antibody-dependent cellular cytotoxicity (Shields
et al. 2002; Ferrara et al. 2011). The degree of galactosylation
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and sialylation can also modulate Fcγ R binding to a lesser extent
(Nimmerjahn et al. 2007; Thomann et al. 2016). Additionally,
α(2,6)-sialylation may have anti-inflammatory properties through
interactions with DC-SIGN (Anthony et al. 2008a, 2008b), although
other groups have reported conflicting findings, suggesting other cell
surface lectins may be involved (Yu et al. 2013; Campbell et al. 2014;
Sharma et al. 2014).

IgG antibodies are an important and rapidly growing part of the
clinical arsenal, and now glyco-engineered antibodies are making it
to market. Since 2013, the United States Food and Drug Adminis-
tration has approved three afucosylated antibodies, predicted to be
more potent than their fucosylated counterparts through enhanced
Fcγ R binding. Most glyco-engineered antibodies are produced using
fucosylation inhibitors or cell lines genetically altered to decrease
fucosylation (Pereira et al. 2018). While this strategy has been suc-
cessful, it still results in variable and heterogeneous glycosylation that
can produce significant differences in batch-to-batch efficacy (Schiestl
et al. 2011). An alternative strategy that has emerged is the chemoen-
zymatic synthesis of antibodies with predetermined homogenous
glycosylation, although industrial application of this strategy has
thus far been cost-prohibitive. Central to this strategy is the use of
enzymes with activity on the Asn297 carbohydrate of IgG. The bac-
teria Streptococcus pyogenes secretes two endoglycosidases, EndoS
and EndoS2, which are remarkably specific for IgG. They are “V”-
shaped, multi-domain enzymes that rely on a glycoside hydrolase
(GH) domain and carbohydrate binding module (CBM) for activity
(Dixon et al. 2014; Trastoy et al. 2014, 2018; Klontz et al. 2019).
EndoS has a narrower specificity, recognizing only non-bisected
complex biantennary glycans, while EndoS2 recognizes complex
biantennary, hybrid and high-mannose glycans. Together, they can
remove more than 20 glycoforms from Asn297, helping the bacteria
to evade the immune system. Since their discovery, EndoS, EndoS2
and specific point mutants thereof have been described in pathways
to chemoenzymatically synthesize antibodies with homogenous gly-
cosylation (Figure 1b). This review provides a brief overview of
the mechanism of action of these enzymes, then delves into the
structural basis by which they specifically recognize glycosylated IgG
antibodies.

Mechanism of action of GHs and glycosynthases

GHs, which can be separated into 161 families based on amino
acid sequence similarity, as in the Carbohydrate-Active Enzymes
Database, (CAZy; www.cazy.org), are enzymes that cleave glyco-
sidic bonds. GH family 18 (GH18) is predominantly composed
of chitinases (EC 3.2.1.14) and endo-β-N-acetylglucosaminidases
(ENGases) (EC 3.2.1.96), the latter of which contains EndoS, EndoS2
and other IgG-active endoglycosidases. Several other ENGases reside
in GH85, but are not the focus of this review. Chitinases break
down chitin, a linear polymer of β-1,4-linked-N-acetylglucosamine,
while ENGases hydrolyze the chitobiose (GlcNAc2) core of N-linked
glycans, such as those present on antibodies. Although their sub-
strates differ, both chitinases and ENGases cleave between two β-1,4-
linked-N-acetylglucosamine residues, and their catalytic mechanisms
are thought to be conserved. The mechanism of chitinases has been
studied extensively (White and Rose 1997; van Aalten et al. 2001;
Williams et al. 2002; Jitonnom et al. 2011). Unlike other retaining
GHs that form a covalent glycosyl-enzyme intermediate, chitinases
hydrolyze the glycosidic bond through a mechanism that involves the
participation of the 2-acetamide group of the substrate GlcNAc (−1)
(van Aalten et al. 2001; Williams et al. 2002; Synstad et al. 2004).

This mechanism involves a highly conserved D1XD2XE catalytic
motif in the enzyme that performs a double displacement reaction
(Figure 1c).

In the initial step, the binding of the substrate to specific residues
of the binding pocket generates a distortion of GlcNAc (−1), and
a general acid/base residue (e.g., E235 in EndoS, E186 in EndoS2)
transfers a proton to the anomeric oxygen, while the carbonyl oxygen
of the N-acetamido group of GlcNAc (−1) attacks the anomeric
center to form an oxazoline intermediate (van Aalten et al. 2001,
Williams et al. 2002; Jitonnom et al. 2011). Recent quantum mechan-
ics/molecular mechanics (QM/MM) metadynamics simulations on
chitinase B from Serratia marcescens (SmChiB) suggest that this
reaction intermediate is a neutral oxazoline with an oxazolinium ion
formed on the pathway toward the reaction products (Coines et al.
2018). A second carboxylate residue (D2: e.g., D233 in EndoS, D184
in EndoS2) assists the oxazoline intermediate through a hydrogen
bond, orienting it and enhancing the nucleophilicity of the acetamido
group that attacks the anomeric center (Williams et al. 2002). In
the second step of the reaction, the same general acid/base residue
from the first step now deprotonates an incoming water. This water
molecule attacks the anomeric carbon, breaking the oxazoline ring
and regenerating the sugar hemiacetal product with overall retention
of stereochemistry (Figure 1c) (van Aalten et al. 2001). Before the
product is released, GlcNAc (−1) can often be found in a skew-boat
conformation, suggesting that this is a normal part of the catalytic
cycle (Hsieh et al. 2010; Malecki et al. 2013; Speciale et al. 2014;
Fadel et al. 2015; Ranok et al. 2015; Itoh et al. 2016, Klontz et al.
2019). In addition, other conserved residues in the GH18 ENGases
contribute to stabilize the reaction intermediates (e.g., Q250 and
Y252 in EndoS2), while Y70 and T138 stabilize the charge on D182
(D1), and D182 keeps D184-E235 protonated in EndoS2 (Figure 1c)
(Synstad et al. 2004).

If, during the second step of the reaction, a sugar molecule
replaces the role of water, a glycosidic linkage is created (Figure 1d).
In this case, the reaction is referred to as transglycosylation. The
GlcNAc (+1) in the active site is referred to as the acceptor, while
the incoming sugar is the donor. Most ENGases are capable of
performing transglycosylation in addition to hydrolysis; however,
transglycosylation is usually very inefficient because the product
remains an excellent substrate for hydrolysis. To get appreciable
accumulation of transglycosylation product, a large excess of donor
is usually required. Transglycosylation efficiency is determined by
the ratio between transglycosylation and hydrolysis rates for the
enzyme. Increasing transglycosylation or decreasing hydrolysis both
serve to increase the amount of product produced. To circumvent
the necessity for large excesses of donor, Mackenzie et al. (1998)
introduced an alternative approach in which they mutated a catalytic
residue (in their case, the nucleophile). Another key breakthrough
in the field was the identification of N-linked oxazolines as glycosyl
donors for these enzymes (Fujita et al. 2001; Noguchi et al. 2009;
Wang 2011; Fairbanks 2013). The oxazoline simulates the high-
energy intermediate in the ENGase catalytic site and can be efficiently
attacked by the deprotonated O4 of the GlcNAc (+1) attached to
a peptide or a protein (Figure 1b). When the enzyme is provided a
suitably activated donor (oxazolines), the enzyme can still catalyze
transglycosylation without the full catalytic machinery. However, it
cannot catalyze hydrolysis, so product accumulation is very efficient.
Such mutants are called glycosynthases, and although this term
traditionally applied to enzymes in which the nucleophile has been
mutated, the terminology has been expanded to ENGases that lack
a proteinaceous nucleophile, so an assisting residue is mutated. In
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this case, glycosynthase versions of ENGases are usually created by
mutating the assisting aspartic acid (D2).

Chemoenzymatic synthesis of IgG

In the past decade, a chemoenzymatic approach was developed in
order to obtain homogenous glycoproteins, including therapeutic
monoclonal antibodies (Fairbanks 2017; Li and Wang 2018). A
general approach can be described in two steps (Figure 1b). In the first
step, an ENGase from GH18 or GH85 hydrolyzes a heterogeneous
mixture of glycoforms obtained by any expression system. In a
second step, an ENGase with deficient hydrolytic activity (i.e., a
glycosynthase mutant) or a wild-type ENGase transfers a synthetic
glycan donor bearing a reactive oxazoline moiety to the deglycosy-
lated protein that retains a GlcNAc (+1) from the first step. GH85
ENGases show the same substrate-mediated catalytic mechanism as
GH18 ENGases, with the exception that the assisting catalytic residue
(D2) is an asparagine instead of an aspartic acid. The glycosynthase
mutants are obtained by mutating this assisting residue in order to
abolish the hydrolytic activity of the enzymes. It has been described
that mutation of this residue in a wide range of endoglycosidases
has similar effects, creating a path to leverage the inherent substrate
specificity and catalytic machinery of endoglycosidases to create
glycosynthases for myriad applications. These endoglycosidases/gly-
cosynthases exhibit a wide range of specificities for different glycans,
allowing their use to be tailored to the desired glycoform.

The first example of remodeling the N-glycan of the Fc domain
without denaturing the protein was described by Wei et al. (2008).
The IgG1 Fc domain was expressed in yeast Pichia pastoris, and
oligomannose N-glycans produced in this expression system were
deglycosylated using EndoH to yield the pure GlcNAc-Fc glycoform.
Then, EndoA was used to transfer homogenous biantennary glycans
to the GlcNAc-Fc domain.

After the identification of enzymes that are specific for IgG Fc,
EndoS and EndoS2 became important tools for glycoengineering
monoclonal antibodies, as their reactions are efficient and can be used
to specifically remodel the Fc glycan even when glycans are present
on the Fab (Huang et al. 2012). In 2012, Goodfellow et al. (2012)
showed that EndoSWT has transglycosylation activity, and is able
to use Man3GlcNAc oxazoline to glycosylate GlcNAc-IgG, albeit
with a very low yield because of the remaining hydrolytic activity
of the enzyme. The same year, Huang et al. (2012) described two
glycosynthase mutants of EndoS (EndoSD233A and EndoSD233Q;
Figure 1f). They used wild-type EndoS to remove the glycans while
the glycosynthase mutants were used to add synthetic glycans back
onto the same site in order to generate G0F, G1F and G2F glycoforms,
including fully sialylated (S2G2F), non-fucosylated (G2) and azido-
tagged glycoforms, the last of which can be further modified into
drug conjugates (Huang et al. 2012; Iwamoto et al. 2018b; Li and
Wang 2018), imaging probes and epitope tags (Lopez Aguilar et al.
2017). The D233A mutation targets the assisting residue (D2), dis-
cussed above, which forms interactions with the N-acetyl group and
helps to orient the substrate for hydrolysis. Mutation of this residue
reduces hydrolysis while maintaining transglycosylation capabilities,
although the precise mechanism is uncertain. Presumably, the mutant
enzyme still allows oxazoline derivatives to enter the binding pocket
while the acid/base deprotonates GlcNAc (+1) and catalyzes the
formation of a glycosidic linkage. These studies also examined the
ability of EndoS and glycosynthase mutants to accommodate core
fucosylation. It was found that the glycosynthases could recognize
both fucosylated and non-fucosylated rituximab (making it the first

glycosynthase to do so), however, the transglycosylation rate was
much higher with the fucosylated substrate. (Goodfellow et al. 2012;
Huang et al. 2012). Analysis of the crystal structures of EndoS and
EndoS2 in complex with glycans reveals there is sufficient space in the
binding cavity to accommodate GlcNAc (+1) and its accompanying
fucose. The region contains aromatic residues which may form inter-
actions with fucose to increase the binding affinity of the acceptor
glycan and increase transglycosylation rates; however, binding studies
with fucosylated vs. afucosylated antibodies have not been reported.

EndoS2 shows broader N-glycan specificity than EndoS. Li et al.
(2016) performed a systematic study of the hydrolytic and trans-
glycosylation activity of 19 mutants of D184 (equivalent to D233
of EndoS) and identified several mutants, including EndoS2D184M,
that are much more efficient than previously described mutants, with
yields exceeding 90%. These EndoS2 glycosynthase mutants are able
to transfer high-mannose (HM), complex type (CT) and hybrid type
glycans to deglycosylated IgG. More recently, Tong et al. (2018)
applied this knowledge to glycosynthase mutants of EndoS, and
found that the same methionine mutation (EndoSD233M), produces
the highest transglycosylation/hydrolysis ratio among any EndoS gly-
cosynthase mutant, but is less efficient than EndoS2D184M. They per-
formed a comparative kinetic analysis of the glycosynthase mutants
generated from EndoS and EndoS2, and revealed that the catalytic
efficiency of EndoSD233M over previously described EndoSD233A
was contributed mainly by two factors: an increased turnover number
(i.e., increased kcat) for the glycan oxazoline donor substrate, and
an enhanced affinity (i.e., reduced KM) for the antibody substrate.
This pattern also applied to the equivalent EndoS2 mutants. Recently,
Shivatare et al. (2018) described other glycosynthase mutants, such
as EndoS2T138Q, that show favorable transglycosylation/hydrolysis
activity ratios, albeit slightly lower than EndoS2D184M. It is unclear
why this mutation works, but it has been noted that the equivalent
residue to T138 in SmChiB (S93) stabilizes D1 of the catalytic
machinery (Synstad et al. 2004). Therefore, mutation to glutamine
may disrupt the catalytic machinery in a way that promotes transg-
lycosylation.

Others introduced additional mutations to the described
glycosynthase mutant EndoSD233Q, including EndoSD233Q/Q303L,
EndoSD233Q/E350Q and EndoSD233Q/Y402F/D405Q (Figure 1f),
which resulted in transglycosylation efficiencies of 90% using
reduced concentrations of oxazoline (Iwamoto et al. 2018). In
addition to the assisting residue D233, Q303 is also involved in
the catalytic cycle, stabilizing the reaction intermediate. Y402 is part
of the largely hydrophobic floor of the binding pocket, forming a
hydrogen bond with O4 of GlcNAc (−1). The role of the E350 in
this glycosynthase mutant is more intriguing since this residue makes
contacts with the α(1,3) antenna at some distance from the catalytic
site. Mutations of D405 are even less explicable, as this residue
does not interact directly with the glycan in the crystal structures
of EndoS and EndoS2 (Trastoy et al. 2018; Klontz et al. 2019)
(Figure 1f). It is worth noting that these mutations are not used
individually, but when used in conjunction with D233Q, decrease
hydrolysis and increase transglycosylation. Giddens et al. (2016) have
identified EndoF3 glycosynthase mutants by targeting the assisting
residue, D165. EndoF3D165A and EndoF3D165Q are the only known
glycosynthases able to transfer tri-antennary CT glycans to IgG,
but its use is limited to core-fucosylated glycoproteins for reasons
unknown (Giddens et al. 2016).

Additional alternative enzymatic methods have been developed
that avoid using sugar oxazoline derivatives, simplifying the chemical
synthesis and preventing side reactions between these highly reactive
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donors and amino acids on the protein scaffold. These secondary
products are produced in reactions that are not well controlled or
when the enzymatic activity of the enzymes is not very efficient
(Iwamoto et al. 2018; Liu et al. 2018). Liu et al. (2018) use EndoS2WT
and an excess (over 1000 molar equivalents) of sialylglycopeptide
(SGP) as the donor substrate instead of glycan oxazoline, producing
a glycosylation yield of up to 80% with respect to the acceptor.
Iwamoto et al. (2018) also described a one-pot reaction to transfer
the glycan of SGP to the Fc of antibodies without purification
of the deglycosylated antibody and generation of oxazoline donor
derivatives. EndoMN175Q was used to target SGP to release the
target glycan and EndoSD233Q/E350Q was then used to catalyze the
attachment of the glycan to the Fc region of the antibody (Iwamoto
et al. 2018).

Glycosynthase mutants active on antibodies have also been
created from GH85 enzymes. For example, Eshima et al. (2015)
discovered that the N180H mutation of EndoCC, obtained from
Coprinopsis cinerea (EndoCCN180H), exhibited transglycosylation
activity. Similar to design strategies applied to EndoD (Fan et al.
2012) and EndoM (Umekawa et al. 2008), this mutation targets
the residue responsible for assisting oxazoline complex formation.
Here, as well, transglycosylation can be performed using high
concentrations of SGP as a donor substrate (Manabe et al. 2018).

Structural basis of glycan specificity by IgG

processing enzymes

EndoS, encoded by the ndoS gene, was first reported in 2001 from
S. pyogenes serotype M1 (Collin and Olsén 2001). EndoS2, encoded
by the ndoS2 gene, was discovered over a decade later in a serotype
M49 strain (Sjögren et al. 2013). X-ray crystal structures of EndoS
and EndoS2 both alone and in complex with their respective glycan
substrates have now been reported, providing a structural basis for
glycan specificity by these enzymes (Trastoy et al. 2014; Trastoy et al.
2018; Klontz et al. 2019).

The enzymes share ∼ 37% amino acid sequence identity, and form
the same overall “V”-shape structure, which exists in both crystal
structures and in solution (Figure 2a). The GH domain resides on
one tip of the “V”, while a CBM (discussed later) is located on the
other tip. Separating these two domains is a leucine rich repeat (LRR)
domain and hybrid-Ig domain, which together form the characteristic
“V”-shape scaffold. EndoS contains an additional 3-helix bundle
domain on each terminus, which is likely involved in stabilizing the
GH and CBM domains to which it is attached.

Although their overall structures are quite similar, EndoS has
a stricter glycan specificity than EndoS2, recognizing only non-
bisected CT biantennary glycans. In contrast, EndoS2 recognizes CT
biantennary glycans (bisected and non-bisected), HM and hybrid
glycans, although it shows a preference for CT glycans over HM
glycans (Figure 1a). Both enzymes are capable of recognizing CT
glycans regardless of their galactose, sialic acid and fucose content
(the major variability seen in IgG Asn297-linked glycosylation). The
differences in glycan specificity between EndoS and EndoS2 can be
attributed to certain structural differences in their GH domains. Both
enzymes construct a (β/α)8 barrel, common to all GH18 enzymes.
Connecting the β-strands and α-helices are a series of loops that
form the binding site in which the glycan sits. The binding site has
excellent shape complementarity for a biantennary carbohydrate,
forming two distinct grooves to accommodate each of the antennae;
Groove 1 is formed mainly by loops 2, 3 and 4, and accommodates
the α(1,6) antenna. Groove 2 is formed mainly by loops 1, 2, 7 and

8, and accommodates the α(1,3) antenna (Figure 2b and c). Loop 2
bisects the two grooves with an aromatic residue (W153 in EndoS;
H109 in EndoS2; Figure 2b). A well-conserved hydrophobic floor
lies below the glycan pentasaccharide core in both enzymes, and
is formed mostly by the distal ends of the β-strands. The catalytic
residues lie more proximal to the β-barrel, on the β4-strand and loop.
Loop 6 contributes a conserved glutamine (Q303 in EndoS; Q250 in
EndoS2) and tyrosine (Y305 in EndoS; Y252 in EndoS2) to the active
site, which form contacts with GlcNAc (−1) and may be involved
in stabilizing the reaction intermediate. In both enzymes, ∼ 75% of
enzyme-glycan contacts are made to the pentasaccharide core, with
the remaining contacts split between the α(1,3) and α(1,6) branches.
Alanine scanning mutagenesis revealed a conserved mechanism of CT
glycan recognition between both enzymes. More specifically, residues
on loops 6 and 7, which form contacts with the glycan core, are
critical to activity. Residues on loop 1, which form contacts with the
glycan core and α(1,3) antenna, are also critical. The experimental
data support a model in which CT glycan binding is driven by the
core plus the α(1,3) antenna. In contrast, residues on loops 2, 3 and
4, which form contacts with the α(1,6) antenna, are unimportant for
recognition of the CT glycan.

The main differences between EndoS and EndoS2 lie in loops 3
and 4 (Figures 2a and 3a), which accommodate the α(1,6) antenna.
These loops are several residues shorter in EndoS2, forming a more
open groove. This is important in the recognition of HM glycans,
which have an additional branch on the α(1,6) antenna relative
to biantennary CT glycans. Crystal structures with an HM gly-
can bound reveal that this space accommodates the extra branch,
although the glycan is mostly disordered in this region. Alanine
scanning mutagenesis suggests that the recognition of HM glycans
by EndoS2 is predominantly driven by contacts with the glycan core
and α(1,3) antenna, as residues that contact these areas cannot be
mutated without nearly complete loss of hydrolytic activity. However,
mutating loops 3 and 4 reduces activity on HM glycans, but not CT
glycans. Together, these results suggest that EndoS2 accommodates
HM glycans mainly through contacts with the glycan core and α(1,3)
antenna, while creating extra space and fine-tuning binding to the
α(1,6) antenna. EndoS cannot accommodate HM glycans because
loops 3 and 4 sterically exclude it. Accordingly, swapping loops 3 and
4 from EndoS into EndoS2 produces an enzyme with dramatically
reduced activity on HM glycans, and very little loss of activity on
CT glycans. Although the structural basis for EndoS2 recognition
of hybrid and bisected CT glycans has not yet been shown, one can
speculate. Hybrid glycans are identical to CT glycans in the core and
α(1,3) antenna, while resembling HM glycans in the α(1,6) antenna.
Therefore, EndoS2 likely recognizes hybrid glycans by using a combi-
nation of the mechanisms by which it recognizes CT and HM glycans:
by specifically recognizing the core and CT-like α(1,3) antenna while
creating space and fine-tuning binding to the HM-like α(1,6) antenna.
One can also speculate that having a smaller residue at the position
that bisects the glycans (histidine versus tryptophan) allows EndoS2
to bind bisected CT glycans, which possess an additional GlcNAc at
this location; however, this remains unproven.

Although EndoS and EndoS2 are the only known enzymes that
are specific for IgG, many other enzymes that are agnostic to the
protein component of their substrates can also deglycosylate IgG,
including EndoF1 (Elder and Alexander 1982), EndoF3 (Tarentino
and Plummer Jr 1994), EndoA and EndoH (Wei et al. 2008), EndoD
(Fan et al. 2012), EndoM (Yamamoto et al. 1994), EndoBT (Trastoy
et al. 2018) and EndoCC (Manabe et al. 2018). In fact, it is likely
that most ENGases that can process glycoproteins can process IgG,
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Fig. 2. (a) Overall structure of EndoS and EndoS2 highlighting the GH domain (left) and CBM (right). GH domain loops are annotated, and CBM residues that

have been studied are labeled. (b) In the upper panel: surface representation of the residues studied by alanine scanning mutagenesis, colored by loop number.

Hydrolytic activity retained by alanine mutants is in parentheses, with the substrate glycan tested superimposed onto its crystal structure: EndoS with CT glycan

(left), EndoS2 with CT glycan (center) and EndoS2 with HM glycan (right). In the lower panel: enzyme residues that form glycan contacts. Residues that mediate

conserved interactions in the three crystal structures are labeled in black, while residues that mediate a unique contact are in orange.

as long as the IgG molecule possesses a glycan that the ENGase can
normally recognize. Although EndoS and EndoS2 can process the vast
majority of glycans naturally present on antibodies, other enzymes

are sometimes needed in chemoenzymatic approaches to add unusual
glycans to antibodies. For example, EndoF3 is uniquely useful in
this context, as it is capable of processing tri-antennary CT glycans.
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Fig. 3. (a) Structural comparison of the loops (using EndoS numbering) surrounding the active site of GH18 family enzymes with ENGase activity. Oligosaccharide

moieties that interact with each loop in the crystal structure of EndoS-CT, EndoF3-CT, EndoS2-CT and EndoS2-HM are marked with red squares. GH18 ENGases

that hydrolyze CT glycans have a white background, while those that hydrolyze HM glycans have a gray background. (b) Hydrogen-deuterium exchange mass

spectrometry of EndoS2 and IgG1. Difference in deuteration between unliganded- and IgG1-bound EndoS2E186L (left) and IgG1 and EndoS2E186L-bound IgG1

(right), mapped onto a surface representation of EndoS2 (PDB 6MDS) and IgG1 (PDB 1HZH) at the earliest time point tested (10 s). IgG1 glycosylation sites

annotated, and Fc, Fab, GH and CBM domains are labeled for orientation.

Although a crystal structure of EndoF3 bound to a tri-antennary
CT glycan does not exist, molecular docking suggests that the third
antenna of this glycan would lie flat on the EndoF3 surface, in a
location that would clash with EndoS/EndoS2 loop 7 (Figure 3a).
It has been shown that EndoF3 recognizes bi- and tri-antennary CT
glycans by forming contacts with the glycan core, while sterically
excluding tetra-antennary CT glycans and HM glycans, in a mech-
anism that shows many similarities to EndoS (Waddling et al. 2000).
An analysis of GH18 active site loops has revealed a pattern that
is predictive of the glycan specificities of some enzymes (Figure 3a).
For example, enzymes that are specific for HM glycoproteins (e.g.,
EndoF1, EndoH, EndoT and EndoBT) form a β-hairpin in loop 2,
which might be a major determinant of their specificity. In contrast,
enzymes specific for CT glycoproteins display a short loop in the

equivalent location. This structural difference as observed solely in
the unliganded crystal structure of EndoBT proved predictive for its
ability to process IgG with HM glycans but not CT glycans. Whether
this strategy can be extended to predicting ENGase specificity based
on primary amino acid sequence alone (e.g., in the above mentioned
key loops) remains to be determined. It is worth noting that EndoS2
is the only ENGase described to date that can process both CT and
HM glycans on antibodies. In loop 2, it more closely resembles CT-
processing ENGases than HM-processing ENGases. This is consistent
with the observation that EndoS2 processes CT glycans ∼20× more
efficiently than HM glycans, and further consistent with the fact that
CT glycans make up the vast majority of naturally occurring IgG
glycoforms. Why EndoS2 evolved to process HM glycans when these
are nearly absent on IgG remains unknown.
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Structural basis for carbohydrate binding module

contributions to enzymatic activity

CBMs are catalytically inactive domains frequently found on enzymes
that modify carbohydrates. They have been grouped by CAZy into
84 families based on sequence similarities. They can alternatively be
classified into seven families based on their 3D folds: β-sandwich,
β-trefoil, cysteine knot, OB, hevein, hevein-like and unique fold
(Boraston et al. 2004). CBMs have four main roles: glycan proxim-
ity, targeting, disruption and adhesion. The proximity effect occurs
when CBMs bind carbohydrates, increasing their location concen-
tration near the GH domain. Targeting occurs by binding a sub-
strate in a distinct location so that the GH domain is properly
oriented to the correct location of the glycan. Disruption occurs on
tightly packed polysaccharides, such as starch, where CBM binding
relaxes the packing to allow the GH domain to access its substrate.
Adhesion pins enzymes via their CBM to locations where they are
needed, such as the surface of a cell (Boraston et al. 2004; Guillén
et al. 2010).

The β-sandwich CBMs of EndoS and EndoS2 have not been
formally classified by CAZy (Figure 2A). However, structural homol-
ogy suggests they belong to the CBM32 family. This assignment is
consistent with the family’s description as diverse, promiscuous and
frequently found appended to bacterial enzymes that interact with
human N-glycans (Abbott et al. 2007). The binding site of CBMs
is generally defined by the location of aromatic, solvent-exposed
side chains, composed of tryptophan, tyrosine and occasionally
phenylalanine residues. Computational alanine scanning mutagenesis
on the CBM of EndoS revealed a potential role for W803 (Figure 2a)
in binding. Mutational studies revealed that this residue is essential
for EndoS activity, with a single alanine mutation at this location
producing undetectable IgG binding by SPR, and barely detectible
hydrolytic activity as monitored by mass-spectrometry. The same
residue is conserved in EndoS2 (W712), and mutation in this enzyme
results in a similar loss of activity. Together, these results implicate this
conserved tryptophan residue as part of the binding surface of EndoS
and EndoS2 CBMs. Domain swap experiments, described below,
indicated that the EndoS and EndoS2 CBMs are not interchangeable.
The region surrounding W712 in EndoS2 is packed with aromatic
residues (Figure 2a), including two tyrosines and a phenylalanine. The
same region in EndoS has three serines and a tyrosine (Figure 2a).
While EndoS2 cannot be made more EndoS-like by simply mutating
these residues to their corresponding counterparts, it is evident that
EndoS2 Y820 plays an important role in hydrolysis for both CT and
HM glycans. Interestingly, these residues are in the interior of the
V-shape of EndoS and EndoS2, facing the GH domain (Figure 2a).
It therefore remains unclear why EndoS and EndoS2 CBMs are
not interchangeable in chimeric enzymes. It is possible that EndoS
and EndoS2 CBMs have subtle differences in their binding sites
that require them to be oriented by the scaffold in different
ways relative to the GH domain. What is certain is that these
domains are indispensable to EndoS and EndoS2 activity, and
should not be overlooked when studying and engineering these
enzymes.

It seems apparent that the main determinant of ENGase activity
lies in the structure of the GH domain. In support of the concept
that the specificity of EndoS and EndoS2 is determined by their
GH domains, chimeric enzymes in which EndoS possessed the GH
domain from EndoS2 instead of its own gained the ability to process
HM glycans for the first time. However, activity toward both HM and
CT substrates was very low, suggesting that one or more domains

is/are working in conjunction with the GH domain to produce
optimal activity. However, when the GH and CBM from EndoS2
onto EndoS were simultaneously swapped, an enzyme with activity
nearing wild-type EndoS2 for both substrates resulted. Importantly,
swapping the CBM alone had no effect on EndoS activity or speci-
ficity. These results suggest that (1) the EndoS2 GH domain and
CBM coevolved to optimally recognize its substrate repertoire and
(2) the LRR and hybrid-Ig domain “scaffold” impacts catalysis as
well, since the chimeric enzyme with an EndoS2 GH and CBM
did not return fully to wild-type levels of activity on an EndoS
scaffold.

Structural basis of antibody specificity by EndoS

and EndoS2

EndoS and EndoS2 are the only ENGases that have been reported to
exhibit specificity to a narrow range of glycoproteins. Neither enzyme
has general ENGase activity, processing glycans only from all human
and mouse IgG subclasses, but not IgA, IgM, α2-macroglobulin,
ovalbumin, lactoferrin, RNase B or fetuin. It has been reported that
EndoS2 processes α1-acid glycoprotein (AGP), but further experi-
ments demonstrated that this occurs with ∼ 105-fold reduced effi-
ciency compared to IgG. EndoS has also been reported to free glycans
from gp120, however, it was not reported how much enzyme was
needed to detect this (Goodfellow et al. 2012). With enough enzyme
and a long enough time scale, activity on many other glycoproteins
may also be detectable, raising the question as to what counts as
having “specificity” for a single protein vs. a “strong preference” for
one. It is our opinion that EndoS and EndoS2 can be described as
“specific” for IgG. It is provocative that EndoS2 has been shown
to lose activity on heat-denatured IgG and AGP. This suggests that
EndoS2 specifically recognizes the native conformation of the IgG
backbone and/or glycan. However, as heat denaturation tends to
cause aggregation, it cannot be ruled out that this is not an artifact of
the glycoproteins aggregating and becoming inaccessible to any enzy-
matic cleavage. Therefore, experiments using non-specific ENGases
should be tested on heat-denatured IgG before concluding that this
phenomenon is unique to EndoS/EndoS2.

The structural basis for the antibody specificity of EndoS and
EndoS2 has not been fully elucidated. This has been hampered by
the difficulty in obtaining an IgG-endoglycosidase co-crystal struc-
ture. EndoS and EndoS2 bind glycosylated IgG with ∼ 1–10 μM
affinity, depending on the point mutation used to reduce hydrolytic
activity for binding studies. Neither enzyme binds deglycosylated
IgG, which is frequently used as a negative control. While trace
hydrolytic activity in “catalytically inactive”mutants is not detectable
in most binding and kinetic studies, it is problematic in structural
biology experiments such as protein crystallization, where enzyme
concentrations and experimental time scales are orders of magnitude
greater.

In the absence of high-resolution IgG-endoglycosidase structures,
one can only speculate as to why EndoS and EndoS2 are specific
to IgG. The question of specificity is 2-fold: first, how do these
endoglycosidases exclude non-IgG substrates? Second, how do they
accommodate IgG? The answer to the first question may be explained
by the deep grooves that line the GH domain active site. The glycan
binding site resembles a canyon, with loops 4 and 8 (and additionally
in EndoS, N-3HB and residues 312–323) forming walls ∼ 15–20 Å
high. This type of architecture is not seen in other GH18 ENGases
that are not IgG-specific and for which structural data is available.
Therefore, it may be possible that EndoS and EndoS2 evolved to
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specifically accommodate the protein fold of IgG surrounding the
Asn297 glycosylation site. This is supported by the observation that
EndoS2 does not process glycans on IgG when they are placed in
other nearby loops directly adjacent to the normal Asn297 location.
It is also supported by the observation that both endoglycosidases
process free glycans and short glycopeptides, suggesting that steric
hindrance of the protein backbone may be responsible for the exclu-
sion of non-IgG glycoproteins.

The answer to how these endoglycosidases accommodate IgG
is murkier. Simply docking the antibody onto EndoS/EndoS2 using
the glycan co-crystal structures as a guide results in major steric
clashes with the antibody backbone. A model of the EndoS/IgG1 Fc
encounter complex was described by docking an IgG1 Fc homodimer
structure onto the EndoS crystal structure (Trastoy et al. 2014). In
this study, the final model showed that the IgG1 Fc is bound to
the EndoS CBM, while loop residues 312–323 of the EndoS GH
domain bisects the two Fc monomers. However, this model fails
to place any glycan in the active site. Therefore, a conformational
change in the enzyme and/or antibody is likely required for catal-
ysis. Hydrogen-deuterium exchange mass-spectrometry (HDX-MS)
experiments with IgG and EndoS2 have yielded important insights
into this topic (Figure 3b). HDX-MS provides information on the
solvent accessibility of proteins, and when two proteins are mixed
together, it can map the binding interface that is formed between
them. Differences seen at early time points correspond to solvent
exclusion of surface exposed regions, while differences seen at later
time points can be attributed to changes in protein dynamics. HDX-
MS experiments suggest that a large interface is formed between
IgG and the GH and CBM domains of EndoS2. While protection
is extensive on the enzyme side, it is nearly absent on the antibody
side. Notably, glycans are invisible to HDX-MS analysis, so the
absence of protection on the antibody suggests that EndoS2 ignores
the protein backbone, forming contacts almost exclusively with the
IgG glycans, consistent with NMR analysis demonstrating that the
CBM binds carbohydrates (Dixon et al. 2014). HDX-MS supports
conformational changes occurring in the enzyme, as changes in
dynamics are seen to extend through a majority of the enzyme. In
contrast, very few conformational changes are seen on the antibody
side, with the possible exception of the glycan being pulled away
from the protein backbone. These results, combined with the find-
ings that EndoS/EndoS2 do not detectably bind deglycosylated IgG
(Allhorn et al. 2008), suggest that the endoglycosidases predomi-
nantly recognize the glycan portion of IgG. However, further experi-
mental data is required to establish the mode of recognition of IgG by
EndoS/EndoS2.

It is provocative that the GH and CBM domains are located at
opposite tips of the “V”-shaped enzymes with their glycan-binding
surfaces pointing inwards. One might speculate that EndoS/EndoS2
use these two domains to simultaneously recognize the two glycans
on the IgG Fc, with the scaffold providing the correct separation to
specifically recognize IgG. If true, the CBM would have a proximity
and targeting effect for the enzyme. However, this hypothesis has
problems; foremost, if the CBM is holding onto one glycan while the
other is in the active site, how would the enzyme work once the first
glycan is removed? In such a case, one might expect bimodal kinetics,
with the first glycan removed rapidly, and the second glycan removed
slowly. However, this has not been reported. It may be possible that
conformational changes in the enzyme allow the glycan to move from
CBM to GH without the antibody dissociating, but this too remains
unsupported. Thus, the precise nature of the IgG-endoglycosidase
interaction remains a mystery.

Future directions

The discussion above highlights the substantial progress that has been
made in understanding the mechanism of IgG-specific endoglycosi-
dases. However, several areas necessitate further exploration. With
respect to the GH domain, more studies are required to determine
how similar the mechanism is between ENGases and chitinases.
Although the main catalytic residues are conserved, there is some
divergence in surrounding residues that may play important sup-
porting roles. There is also relatively little known about the precise
mechanism by which mutations in supporting catalytic residues
create glycosynthases. Crystal structures of glycosynthase mutants
with oxazoline mimetics would provide valuable insight into why
some mutations are more effective than others.

In the CBM, future efforts should be directed toward under-
standing what sugar residues are recognized, and how. Although the
general glycan-binding surface has been identified, precise details
of molecular recognition are unknown. This is due in part to the
relatively low (∼millimolar) affinities that CBMs typically have
for their substrates, making structural studies more difficult. It is
also worth investigating if CBMs with different specificities can be
swapped or subjected to directed evolution to alter the substrate
preference of the overall enzyme. Efforts could also be directed
toward engineering point mutations in the CBM to increase the
efficiency of glycosynthases (e.g., by reducing residual hydrolytic
activity).

More studies are also needed to determine how some ENGases are
specific to antibodies, with a structure of an ENGase-IgG complex
tantamount to success. Such studies may also reveal what conforma-
tional changes are needed to support catalysis. They may also reveal
if there is a single mechanism to remove each glycan, or if the two
glycans are removed by separate mechanisms. If the latter is the case,
it may be possible to engineer these enzymes for asymmetric transgly-
cosylation. IgG-specific enzymes, including EndoS, have already been
studied with some success for treating various autoimmune diseases
(Nandakumar et al. 2007; Marth and Grewal 2008; Collin et al.
2008; Allhorn et al. 2010; van Timmeren et al. 2010; Hirose et al.
2012; Mihai et al. 2017; Nandakumar et al. 2018). EndoS has also
been explored as a supplement given with glycoengineered antibodies
resistant to hydrolysis (e.g., bearing high-mannose glycans) in order
to deplete the serum of other Fcγ R-binding antibodies and increase
the efficacy of the delivered therapeutic antibody (Baruah et al. 2012).
An IgG-degrading endopeptidase, IdeS, also produced by S. pyogenes,
has recently been studied for its therapeutic application in the treat-
ment of thrombotic thrombocytopenic purpura and graft rejection
following kidney transplantation, and has passed safety and efficacy
trials in humans (Winstedt et al. 2015; Jordan et al. 2017; Lorant et al.
2018; Stubbs et al. 2018). These results suggest that EndoS and
EndoS2 might share similar successes in a therapeutic setting. By
understanding the precise nature of their specificity for antibodies, it
may also be possible to engineer variants that are specific for a single
subclass of IgG, which could reduce the immunosuppressive side
effects of using these enzymes. It may even be possible to target these
enzymes toward specific autoantibodies by fusing them to specific
self-epitopes, but these areas remain unexplored.

The homogenously glycoengineered IgG products created by these
enzymes could be useful as therapeutics, as already discussed. How-
ever, they could also prove invaluable in probing the immune system
to understand how it works. For example, what degree of sialylation
is needed for an antibody to have anti-inflammatory effects? A
systematic analysis of IgG glycoforms and their resulting properties
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would allow researchers to create antibodies with precisely tuned
glycosylation for optimal effects.
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