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ABSTRACT: Immunoglobulin G (IgG) glycosylation critically
modulates antibody effector functions. Streptococcus pyogenes
secretes a unique endo-β-N-acetylglucosaminidase, EndoS2,
which deglycosylates the conserved N-linked glycan at Asn297
on IgG Fc to eliminate its effector functions and evade the
immune system. EndoS2 and specific point mutants have been
used to chemoenzymatically synthesize antibodies with custom-
izable glycosylation for gain of functions. EndoS2 is useful in
these schemes because it accommodates a broad range of N-
glycans, including high-mannose, complex, and hybrid types;
however, its mechanism of substrate recognition is poorly understood. We present crystal structures of EndoS2 alone and bound
to complex and high-mannose glycans; the broad N-glycan specificity is governed by critical loops that shape the binding site of
EndoS2. Furthermore, hydrolytic experiments, domain-swap chimeras, and hydrogen−deuterium exchange mass spectrometry
reveal the importance of the carbohydrate-binding module in the mechanism of IgG recognition by EndoS2, providing insights
into engineering enzymes to catalyze customizable glycosylation reactions.

■ INTRODUCTION
Antibodies are a foundation of the human immune system,
protecting us from cancer and infectious diseases. A
glycosylation site on Asn297 of the fragment crystallizable
(Fc) domain of immunoglobulin G (IgG) antibodies critically
modulates the effector functions of antibodies.1 The obligate
human pathogen Streptococcus pyogenes secretes at least two
endoglycosidases with different N-glycan specificities that allow
the bacterium to remove more than 20 glycoforms from
antibodies, eliminating their effector functions to evade the
immune system.2,3 The best characterized of these enzymes is
EndoS, an endo-β-N-acetylglucosaminidase that hydrolyzes
biantennary complex-type (CT) N-glycans from IgG between
the first two N-acetylglucosamine (GlcNAc) residues.2,4 EndoS
has been investigated in numerous applications: as a therapy
for antibody-mediated autoimmune diseases, such as systemic
lupus erythematosus, epidermolysis bullosa acquisita, and

idiopathic thrombocytopenia purpua;5−8 as an enhancer of
monoclonal antibody therapy;9 as a tool for the chemo-
enzymatic synthesis of antibodies with homogeneous glyco-
sylation or drug conjugates;10−12 and as a method to screen for
chronic inflammatory disease states.13 Another Streptococcus
pyogenes antibody-disrupting enzyme, IdeS, cleaves antibodies
in their hinge region, and has shown promise in clinical trials
for reducing antibody-mediated organ transplant rejection,
revealing yet another possible application for endoglycosi-
dases.14

It was recently discovered that Streptococcus pyogenes
serogroup M49 secretes a unique endoglycosidase, EndoS2,
which may offer several potential therapeutic and biotechno-
logical advantages compared to EndoS. EndoS2 has a broader

Received: December 10, 2018
Published: February 6, 2019

Research Article

http://pubs.acs.org/journal/acsciiCite This: ACS Cent. Sci. 2019, 5, 524�538

© 2019 American Chemical Society 524 DOI: 10.1021/acscentsci.8b00917
ACS Cent. Sci. 2019, 5, 524−538

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

O
FF

IC
E

 O
F 

SC
IE

N
T

IF
IC

 A
N

D
 T

E
C

H
L

 I
N

FO
 o

n 
D

ec
em

be
r 

8,
 2

02
0 

at
 1

5:
51

:3
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

http://pubs.acs.org/journal/acscii
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acscentsci.8b00917
http://dx.doi.org/10.1021/acscentsci.8b00917
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


substrate glycan specificity, hydrolyzing not only biantennary
CT N-glycans, but also high-mannose (HM), hybrid, and
bisecting CT N-glycans on IgG.3 The chemical structure and
heterogeneity of the N-linked glycans significantly impact the
efficacies, stabilities, and effector functions of antibodies.15 A
strategy to better control their therapeutic properties is the
chemoenzymatic synthesis of homogeneously N-glycosylated
antibodies using endoglycosidases, glycosynthases, and N-
glycan oxazolines.4,11,16 In this regard, glycosynthase mutants
of EndoS2 have been developed to engineer antibodies with a
more diverse set of N-glycans than similar EndoS mutants are
capable of creating.17 By recognizing more IgG N-glycans,
EndoS2 may also prove itself superior to EndoS in the
treatment of autoimmune diseases. EndoS2 is also interesting
because of its narrow protein specificity, recognizing intact IgG
and α1-acid glycoprotein (AGP), but not a host of other
proteins, including α2-macroglobulin, ovalbumin, lactoferrin,
RNase B, fetuin, denatured IgG, and denatured AGP.3 Despite
the myriad potential uses of EndoS2 in monitoring and
treating human diseases, its molecular mechanism of substrate
recognition is poorly understood.

Our recent structural analyses of EndoS, however, have
revealed how this enzyme recognizes its CT substrate on IgG
antibodies.18,19 EndoS forms a “V” shape, with a GH18

chitinase domain that contains the active site on one tip of the
“V” and a carbohydrate-binding module (CBM) on the other
tip. We previously showed in EndoS that a subset of active site
loops form the main determinants of substrate binding by
creating contacts with the pentasaccharide core and α(1−3)
antenna of biantennary CT glycans.18 The CBM of EndoS has
been shown to bind D-galactose,20 and single point mutants
can eliminate IgG binding and catalysis; however, little else is
known about the role of this domain.19 Carbohydrate-binding
modules are noncatalytic domains that are frequently
appended to carbohydrate active enzymes. They can assist
catalysis in many ways, such as by binding to carbohydrates to
increase their local concentration, or by disrupting tightly
packed carbohydrates to increase their accessibility by the
catalytic GH domain.21

EndoS2 is predicted to have a GH18 domain and CBM;
how these two domains contribute to its specificities, though, is
unknown. Here, we present X-ray crystal structures of EndoS2,
both alone and bound to CT and HM substrates. The latter
structure is the first instance of an endo-β-N-acetylglucosami-
nidase with a HM-glycan bound and helps reveal the molecular
mechanism of EndoS2 N-glycan recognition. Our results also
provide mechanistic insight into the role of the CBM in
substrate recognition and lay the foundation for how these

Figure 1. Overall architecture of EndoS2. (a) Overall structure of EndoS2 with annotated domains. The annotated distance is measured from the
Cα of a conserved catalytic glutamate in the GH domain (E186) to the Cα of a conserved tryptophan in the CBM (EndoS2 W712). The annotated
angle is between these two residues and the Cα of the first residue in the hybrid-Ig domain, near the base of the hinge (E548). (b) Cartoon and (c)
surface representations showing the overall topology and annotation of GH domain loops.
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domains can be incorporated into strategies to engineer
enzymes with novel functions.

■ RESULTS
Overall Structure of Full-Length EndoS2. The crystal

structures of full-length wild-type EndoS2 in its unliganded
form, and in complex with HM and CT substrates, were solved
by molecular replacement at 2.75, 2.50, and 2.50 Å resolution,
respectively (Figure 1, Table S1). EndoS2 crystallized in the P
212121 space group with two molecules per asymmetric unit.
The structures reveal that EndoS2 is a monomeric “V-shaped”
protein, composed of four different domains from N- to C-
terminus: (i) a glycoside hydrolase (GH) domain (residues
43−386); (ii) a leucine-rich repeat (LRR) domain (residues
387−547); (iii) a hybrid-Ig domain (residues 548−680); and
(iv) a carbohydrate-binding module (CBM; residues, 681−
843). The “V-shape” of EndoS2 measures ∼102 Å across and
∼81 Å high, with a tapered cleft measuring ∼35 Å across its
opening, with active site located in the GH domain on one tip
of the “V”, and the CBM on the other tip (Figure 1a). EndoS2
belongs to the family 18 of glycoside hydrolases (GH18),3
comprising a group of enzymes that contains both chitinases
(EC 3.2.1.14), with hydrolytic activity on chitin, and endo-β-

N-acetylglucosaminidases (EC 3.2.1.96), with endoglycosidase
activity on the chitobiose core of N-linked complex glycans.22

Structural Basis of High-Mannose-Type N-Glycan
Recognition by EndoS2. The EndoS2 GH domain adopts
an (α/β)8-barrel topology typical of GH18 family enzymes.
The GH domain contains several loops that connect the α-
helices and β-strands, shaping a long cavity in which the N-
glycans bind (Figure 1b,c), including β1−β2 (loop 1; residues
72−102), β2−α2 (loop 2; residues 106−115), β3−α3 (loop 3;
residues 140−158), β4−α4 (loop 4; residues 185−195),
β5−α5 (loop 5; residues 227−235), β6−α6 (loop 6; residues
250−261), β7−α7 (loop 7; residues 285−318), and β8−α8
(loop 8; residues 339−375). To understand the unique
features of EndoS2 that allow it to recognize HM N-glycans,
we solved the crystal structure of EndoS2 into which a full-size
HM-type N-glycan, Man9GlcNAc2Asn, was soaked (EndoS2-
HM; Figure 2a, Table S1). The HM-glycan binds in the
crevasse within the GH domain (Figure 2b). Electron density
unambiguously identified 7 out of the 9 mannose residues and
one GlcNAc residue in the crystal structure (Man7GlcNAc1;
Figure 2c). The full α(1,3) antenna could be easily resolved in
a single conformation, potentially identifying these contacts as
being more important in the binding mechanism of HM. In

Figure 2. Crystal structure of EndoS2 with high-mannose glycan. (a) Structure of a high-mannose (man9) N-glycan, with annotations for the parts
used for crystallization (black box), and the parts unambiguously identified in the crystal structure (blue box). (b) Overall structure of the glycan
bound within the active site crevasse of the GH domain. Annotation of GH domain loops for EndoS2 is colored. (c) Composite omit map of
electron density surrounding the high-mannose glycan: blue mesh, 2Fo-Fc contoured to 1σ, carved to 1.8 Å surrounding the full glycan; green
mesh, positive density (Fo−Fc) contoured to 3σ, carved to 5 Å surrounding the α6 antenna; red mesh, negative density (Fo−Fc) contoured to 3σ,
carved to 5 Å surrounding the α6 antenna. Arrows indicate the attachment sites for the remaining two mannose residues. (d) Key residues of
EndoS2 interacting with HM product are colored in orange.
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contrast, although a composite omit map shows substantial
positive (Fo−Fc) density remaining near the location where
the last two mannose residues of the α(1,6) antenna should be,
we could not reliably model them in just one or a few discrete
positions, suggesting that the α(1,6) antenna samples a broad
distribution of conformations. The conformation of the
enzyme does not change upon binding of the HM-glycan,
with an overall RMSD (root-mean-square deviation) value of
0.74 Å for the main chain atoms of the liganded and
unliganded EndoS2. The reducing end of the core Manβ1−
4GlcNAc is located above the central area of the β-barrel,
forming contacts with loops 2, 4, 6, 7, and 8. GlcNAc (−1) is
adjacent to the two conserved catalytic residues of this family
of enzymes.23−27 The binding pocket is formed by two grooves
that accommodate the α(1,6) antenna (groove 1) and the
α(1,3) antenna (groove 2) of the HM-glycan. Specifically, the
O1 and oxygen and nitrogen of the 2-acetamido group of the
GlcNAc (−1) form hydrogen bonds with the side chains of
E186, Y252, and D184, respectively (Figure 2d, Figure S1).
These interactions stabilized the GlcNAc (−1) in a “skew-
boat” conformation, the enzyme−product complex formed
after the nucleophilic attack of a water molecule and before the
release of the final product (Figure S2). A similar conformation
has been observed in other crystal structures of enzymes of the
GH18 family in complex with their products,28−33 suggesting it
might be part of the conformational itinerary of the sugar
residue along the catalytic cycle.34,35 This was made possible

by the short soaking time (ca. 1 min) used to obtain this
structure, which allows the GlcNAc (+1) to be released, as
made evident by the absence of electron density for it. In
addition, the O6 of the GlcNAc (−1) makes a hydrogen bond
with the side chain of N295. The O2 of Man (−2) hydrogen
bonds with residues E288 and Y339, while O4 interacts with
D108. The carbohydrate moieties of the α(1,6) antenna barely
make contacts with residues in the loops that decorate the
binding pocket, in contrast with those of the α(1,3) antenna.
For instance, O3 and O4 of Man (−8) hydrogen bonds with
the side and main chain of E289, respectively, and O6 of Man
(−8) hydrogen bonds with the side chain of N295.
Furthermore, the ring-oxygen of Man (−9) and O5 of Man
(−10) form hydrogen bonds with the side chains of H109 and
H88, respectively. The bottom of the binding pocket is built up
by hydrophobic residues, Y70, Y339, and F109, which pack
against GlcNAc (−1). Y339 and F109 interact with Man (−2)
whereas R72 and W74 interact with Man (−8) (Figure 2d,
Figure S1).

Structural Basis of Complex-Type N-Glycan Recog-
nition by EndoS2. To understand the molecular basis for
complex-type N-glycan recognition by EndoS2, we solved the
X-ray cocrystal structure of the enzyme bound to a CT glycan
[specifically G2S2, which bears a galactose and sialic acid at the
nonreducing end of each antenna (EndoS2-CT; Figure 3a,
Table S1)]. As expected, this CT glycan was found to bind in
the same crevasse as the HM-glycan (Figure 3b). Although a

Figure 3. Crystal structure of EndoS2 with complex biantennary glycan. (a) Structure of a full complex biantennary glycan, with annotations for the
parts used for crystallization (black box), the parts unambiguously identified in the crystal structure (blue box), and the pentasaccharide core (green
box). (b) Overall structure of the glycan bound within the active site crevasse of the GH domain. Annotation of GH domain loops for EndoS2 is
colored. (c) Blue mesh illustrates the composite omit map of electron density (2Fo−Fc) contoured to 1σ and carved to 1.8 Å surrounding the CT
glycan. (d) Key residues of EndoS2 interacting with CT product are colored in orange.
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full-size CT glycan containing nonreducing terminal sialic acid
and core fucose was used for the crystallization, electron
density for only part of it could be unambiguously identified in
the crystal structure (Figure 3a−c). Specifically, there was no
density for the first GlcNAc, core fucose, and terminal sialic
acids. The absence of the first GlcNAc and core fucose can be
explained by the fact that the substrate was present with wild-
type EndoS2 for days during crystallization, and the enzyme
could hydrolyze the substrate between the first two GlcNAc
residues, with the smaller portion diffusing away. Conversely,
the terminal sialic acids are likely simply disordered in our
crystal structure, as there is space to accommodate them, but
no specific contacts to them. This is consistent with the
observation that EndoS2 indiscriminately processes sialylated
and unsialylated glycans.3 The reducing end of the core

Manβ1−4GlcNAc, the α(1,3) antenna, and α(1,6) antenna are
at similar positions compared to the EndoS2-HM structure.
We did not observe conformational changes between EndoS-
HM and EndoS-CT crystal structures (RMSD value of 0.33
Å). Specifically, the interactions between the common core
structure of CT- and HM-glycans, GlcNAc (−1), Man (−2),
and Man (−7), and the residues of the loops that decorate the
binding pocket are essentially conserved in EndoS2-HM and
EndoS2-CT crystal structures. The main differences are that
GlcNAc (−1) adopts a chair conformation, and the hydrogen
bond interaction network is slightly modified between
structures. In the EndoS2-CT structure, O1 of GlcNAc (−1)
interacts with Q250 and E186, and the nitrogen of the
acetamide group does not make contacts with D184; O4 of
Man (−2) interacts with the side chain of H109, and O3 of

Figure 4. Alanine scan mutagenesis of EndoS2 active site for complex-type and high-mannose IgG1. (a) Residues on each loop predicted to make
contact with either glycan were mutated individually, or in batches, to alanine, and activity was measured using mass spectrometry, normalized to
wild-type EndoS2. Statistical significance compared to wild-type EndoS2 is annotated (multiple comparisons test, Tukey method; *, p < 0.05; **, p
< 0.01; ***, p < 0.001; n.s. > 0, not significantly greater than no-enzyme control). Mutated residues are colored by loop number, with fractional
activity retained compared to wild-type EndoS2 in parentheses for (b) complex-type substrate and (c) high-mannose substrate.
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Man (−7) makes hydrogen bonds to W74 and E289 (Figure
3d and Figure S1). The α(1,6) antenna of the CT glycan binds
to groove 1 of the enzyme. O6 of Man (−3), the nitrogen of
the acetamide group of GlcNAc (−4), and O6 of Man (−5)
interact with the side chain of D184, the main chain of D108,
and the side chain of R176, respectively. The terminal sugar

moieties GlcNAc (−8) and Gal (−9) do not make hydrogen
bonds with the residues of the loops forming the binding
pocket.

Functional Analysis of the EndoS2 Broad N-Glycan
Specificity. Although EndoS2 forms a great number of
contacts with its substrate glycans, we sought to determine

Figure 5. Hydrolytic activity of chimeric domain-swapped enzymes. (a) Hydrolytic activity of enzymes toward IgG1 bearing high-mannose N-
glycans and (b) complex-type N-glycans. Activity was measured using mass spectrometry, normalized to wild-type EndoS2. Reactions were
performed in technical duplicate, and error bars represent standard deviation. Statistical significance compared to wild-type EndoS2 is annotated
(multiple comparisons test, Tukey method; ***, p < 0.001; #, p < 0.05 compared to no-enzyme control; n.s. > 0, not significantly greater than no-
enzyme control). Comparison of glycan-binding surfaces from (c) EndoS2 and (d) EndoS (PDB 4NUZ).19 The relative activity of specific point
mutants intended to make EndoS2 more EndoS-like was tested against (e) high-mannose and (f) complex-type IgG1.
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which of these contacts form the greatest contributions to
binding each substrate. To investigate this, we mutated the
loops that decorate the β-barrel core of the GH domain and
contact the HM or CT glycans in our corresponding crystal
structures. We studied the hydrolytic activity of these mutants
on antibodies that bear a human IgG1 Fc and either a
biantennary CT or HM N-glycan, and tracked reaction
progression using mass spectrometry (Figure 4a). The results
reveal that residues on loops 1, 6, and 7 are critical for
recognition of both substrates, as mutations in these loops
showed little to no activity above the no-enzyme control. In
contrast, mutations in loops 2, 3, and 4 did not hinder activity
for the CT N-glycan, and in some cases, even slightly improved
it. When these results are mapped onto the crystal structure
(Figure 4b), they suggest that residues which make contact
with the glycan core and α(1,3) antenna are the major
determinants of CT N-glycan binding for EndoS2. This
binding mechanism is conserved with EndoS, which solely
recognizes CT glycans, and the CT glycan structures are
extremely similar in both enzymes (Figure S3). In regards to
the HM substrate, mutations in loops 1, 6, and 7 also produced
the greatest decreases in activity, pointing to a conserved
mechanism of binding. However, mutations in loops 3 and 4
produced a moderate decrease in activity for the HM N-glycan,
suggesting that EndoS2 fine-tunes its HM binding using these
loops. Indeed, when loops 3 and 4 from EndoS are substituted
into EndoS2, there is a large decrease in activity for HM, but
not CT substrates. When these results are mapped onto the
EndoS2-HM crystal structure (Figure 4c), it becomes apparent
that EndoS2 drives binding to HM N-glycans using residues
that make contact with the N-glycan core and α(1,3) antenna
while creating space and fine-tuning binding to the α(1,6)
antenna (Figure S3). These results are consistent with the
better resolved electron density and lower B-factors for the
core and α(1,3) antenna compared to the α(1,6) antenna
(Figure 2c). To achieve similar reaction speeds for EndoS2
with the CT and HM substrates, we had to use ∼20-fold more
enzyme for the HM substrate (100 nM compared to 5 nM,
with 5 μM substrate). This suggests that EndoS2 has either a
slower turnover rate, or weaker binding to HM relative to CT
substrates. Accordingly, we performed surface plasmon
resonance binding analyses with both of these substrates, and
found that catalytically dead EndoS2D186L binds IgG1-CT with
a KD = ∼9 μM, and IgG1-HM with a KD > 100 μM (Figure
S4). EndoS binds IgG1-CT with a similar KD (∼11 μM), and
does not detectably bind IgG1-HM. Taken together, these
results suggest that EndoS2 has a strong preference for
antibodies bearing complex-type N-glycans despite its ability to
bind and hydrolyze high-mannose glycans on antibodies.

A search for structural homologues using the DALI server36

revealed six endo-β-N-acetylglucosaminidases of the GH18
family with significant structural similarity to EndoS2 (Table
S2). EndoS2 shows more structural homology with enzymes
that hydrolyze CT N-glycans (EndoS and EndoF3) than
endoglycosidases that hydrolyze HM-glycans (EndoH, EndoT,
EndoF1, EndoBT). Of particular relevance, EndoS2 displays
37% sequence identity with EndoS, a multidomain protein in
which two additional 3-α-helical domains are attached to the
N- and C-terminus (Figure S5).18,19 EndoS, secreted by S.
pyogenes serotype M1, specifically recognizes biantennary
complex-type N-linked glycans of IgG Fc regions. To better
understand the mechanisms of binding that differentiate
EndoS2 from EndoS, we conducted a detailed analysis of the

loops that decorate the corresponding active sites (Figure S1).
EndoS loops 1−4, 6, and 7 all contribute contacts with the
glycan, but loops 1, 6, and 7 are the main determinants of
glycan binding, establishing interactions with the pentasac-
charide core and α(1,3) antenna of the biantennary complex-
type glycan.18 These same loops have relatively high sequence
conservation with EndoS2 (∼50%), suggesting a conserved
mechanism of glycan recognition (Figures S3 and S5).
Strikingly, loops 3−5 are only ∼30% conserved, and form a
relatively more open space in the EndoS2 active site. This
architecture provides a structural basis for EndoS2 to
accommodate HM N-glycans, which have an additional branch
on the α(1,6) antenna compared to biantennary CT N-glycans.

CBM Is Indispensable for EndoS2 To Facilitate
Enzymatic Activity. The subtle but important differences
between the EndoS and EndoS2 GH domain active sites led us
to wonder whether these differences can fully explain the
distinct specificities of the two enzymes. To test this, we
created a chimeric enzyme where we swapped the EndoS2 GH
domain onto an EndoS background, and tested if it would have
the specificity of EndoS2 (Figure 5a,b). It did; however, its
activity toward both CT and HM substrates was significantly
decreased compared to wild-type EndoS2, suggesting that the
GH domain is working in concert with one or more other
domains to produce optimal activity. We next swapped the
carbohydrate-binding module (CBM) from EndoS2 onto an
EndoS background, which produced an enzyme with identical
activity to wild-type EndoS. However, when we swapped both
the GH and CBM domains from EndoS2 onto an EndoS
background, we produced an enzyme that behaved more
similarly to wild-type EndoS2. Taken together, these results
suggest that the EndoS2 GH domain evolved to work with its
own CBM, and that other parts of the scaffold also contribute,
albeit in a less substantial way, to N-glycan specificity. In
contrast, EndoS works equally well with either its own CBM,
or the CBM from EndoS2. This led us to examine specific
differences in the CBM structures that could account for their
differences in supporting EndoS2 activity.

According to the DALI server, the CBM from EndoS2 most
closely resembles the CBM from EndoS (PDB 4NUZ; Z-score
= 20.6, Cα RMSD = 1.9 Å), followed by the CBM from
EndoD (PDB 2XQX; Z-score = 16.8, Cα RMSD = 2.0 Å). Also
showing high similarity are the CBMs from various chitinases
(PDB 2ZY9; Z-score = 15.5, Cα RMSD = 2.2 Å) and sialidases
(PDB 2BZD; Z-score = 14.8, Cα RMSD = 2.2 Å). According
to the CAZy database (http://www.cazy.org/),37 all of these
proteins belong to the CBM family 32 (except EndoS, which
has not been formally assigned a family). Thus, we propose
that EndoS and EndoS2 both contain CBM32 domains, an
assignment consistent with the description of CBM32 as a
diverse and promiscuous family that is frequently appended to
bacterial enzymes that interact with human N-glycans.38 This
family frequently binds N-glycans using solvent-exposed
aromatic residues on loops connecting the β-sandwich
scaffold.39 Both EndoS and EndoS2 have aromatic residues
in these positions, one residue of which (EndoS W803) has
been reported as indispensable for substrate binding and
catalysis.19,40 At this putative N-glycan-binding site, EndoS2
contains two tyrosines, a tryptophan, and a phenylalanine
(Figure 5c), while EndoS contains one tyrosine, three serines,
and a tryptophan (Figure 5d). After confirming that the
conserved tryptophan is indispensable for enzymatic activity in
EndoS2 like it is in EndoS (Figure 5e,f), we sought to make
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EndoS2 more EndoS-like by selectively mutating F710 and
Y820 to serine to test if this would result in a selective loss of
activity toward high-mannose substrates. It did not, instead
revealing that F710S has no effect on activity, while Y820S
results in loss of activity toward both substrates equally.
Although W712 and Y820 are both important for EndoS2

activity, these data suggest that other residues are also
contributing toward the difference in the CBMs from EndoS
and EndoS2.

Hydrogen−Deuterium Exchange Mass-Spectrometry
(HDX-MS) Reveals the EndoS2−Antibody Interface. To
gain a deeper understanding of how EndoS2 engages

Figure 6. Hydrogen−deuterium exchange mass spectrometry. (a) Difference in deuteration between unliganded EndoS2E186L and IgG1-bound
EndoS2E186L at the earliest deuterium incubation time point (10 s), mapped onto a surface representation of EndoS2. Glycoside hydrolase (GH)
and carbohydrate-binding module (CBM) domains are labeled for orientation. (b) Maximum difference in deuteration of EndoS2E186L at any
deuterium incubation time point (10 s, 1 min, 10 min, 1 h, 2 h). (c) 10 s and maximum deuteration changes between IgG1 and EndoS2E186L-bound
IgG1, mapped onto PDB 1HZH,67 with glycosylation sites annotated.
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antibodies using its various domains in concert, we performed
HDX-MS analysis on a catalytically inactive EndoS2 variant
(EndoS2E186L) and Rituximab, both alone and in complex.
HDX-MS relies on the exchange of hydrogen with deuterium
on peptide backbone amides, and provides information on
backbone solvent accessibility and dynamics, as residues that
are more frequently exposed to solvent will undergo faster
deuteration. By subtracting the percent deuteration for
unliganded and complexed proteins for individual proteolytic
peptides, we determined which regions of each protein display
statistically significant changes in deuteration as a result of
complex formation (Figure 6, Figure S6). We performed this
analysis at multiple time points, as differences seen at early
experimental time points (here 10 s) are often attributable to
changes in protection of fast exchanging backbone amide
hydrogens typically found in solvent-accessible loops (e.g., by
the formation of a protein−protein or protein−carbohydrate
interface), while differences that arise only at later time points
can often be attributed to changes in protein dynamics of
otherwise largely protected backbone amide hydrogens.41 This
analysis revealed that, at the earliest time point, large changes
in protection are observed in the GH domain (specifically,
loops 2, 6, and 7 where the cocrystal structure shows glycan
binding) and the CBM (Figure 6a). The protection is
particularly dramatic in the CBM, which includes the region
that we propose to be the N-glycan-binding surface, as well as
surrounding residues. At later time points, the protection
becomes more intense in the active site and extends through
the leucine-rich repeat and parts of the hybrid-Ig domain,
suggesting that changes in conformational dynamics are
occurring in these regions (Figure 6b). Only one region in
the hybrid-Ig domain (residues 611−619) showed a loss in
protection from deuterium uptake as a result of complex
formation.

In stark contrast, very few changes in deuterium uptake were
observed on the antibody (Figure 6c). At the earliest time
point, a small decrease in protection occurs near the glycan on
heavy chain residues 239−245, a pattern which has been
reported to occur during antibody deglycosylation.42 To
ensure that we were not measuring antibody deglycosylation
due to low residual activity in the catalytically inactive mutant,
we performed mass spectrometry on the sample following
HDX-MS, and found the antibody was fully glycosylated and
could be deglycosylated by addition of EndoS2WT (Figure S7).
At later time points, another region near the N-glycan
(residues 245−264) experiences a small increase in protection,
contrary to what is observed for deglycosylation.42 It is to be
noted that no data could be obtained for the N-glycan and
three residues on either side of Asn297, a region that could be
expected to make protein−protein contacts in light of their
proximity to the glycan and the large HDX-MS signature
induced by deglycosylation.42 However, the large and intense
protection observed in EndoS2 is not mirrored in IgG1 as they
form a complex. Taken together, these data suggest that the
EndoS2-IgG1 complex probed in our HDX-MS analysis forms
minimal protein−protein interfaces with the antibody, instead
contacting the N-glycans, which may become more accessible
prior to deglycosylation in a pattern resembling deglycosyla-
tion. Subsequently, relatively large changes in dynamics occur
on the enzyme side, while relatively small changes in dynamics
occur on the antibody side.

EndoS2 might have evolved its “V-shape” with GH and
CBM domains that are maintained at a particular distance

apart to specifically recognize the two N-glycans on Asn297 of
an IgG Fc. To probe the specificity of EndoS2, we created
three hyperglycosylated Fc mutants that contain the wild-type
Asn297 glycosylation site as well as one additional
glycosylation site on a nearby solvent-exposed loop. We
treated these hyperglycosylated Fc domains with EndoS2 and
monitored deglycosylation by SDS-PAGE (Figure S8). The
wild-type Fc is rapidly deglycosylated, but even after 1 week,
the hyperglycosylated mutants only lost one pair of N-glycans
at most, leading us to reason that only the wild-type Asn297
site was deglycosylated, as deglycosylation of the artificial site
would have been followed up by rapid deglycosylation of the
wild-type site. These results indicate that EndoS2 is specific for
N-glycans located in their natural locations on IgG Fc.

EndoS2 has also been reported to deglycosylate AGP, an
acute phase reactant and component of human serum,
although the physiological relevance of this reaction is
unclear.3 To understand if EndoS2 uses its GH and CBM
domains cooperatively to cleave AGP in a mechanism similar
to IgG, we measured hydrolysis by EndoS2WT and CBM
mutants. To detect even partial hydrolysis, we had to use very
large amounts of enzyme (∼5 μM) for very long periods of
time (∼48 h), results that are consistent with previously
published findings3 (Figure S9). In comparison, this is ∼1000-
fold more enzyme and a ∼50-fold longer reaction time than
used to completely hydrolyze IgG. Furthermore, none of the
mutations in the CBM that affected IgG hydrolysis had any
impact on AGP hydrolysis. Surprisingly, even EndoS2E186L had
low but detectable activity on AGP, despite this mutant being
inactive on IgG. Taken together, these results suggest that
EndoS2 has ∼105-fold reduced activity on AGP compared to
IgG, with a reaction that proceeds through a different
mechanism. Thus, it is possible that AGP is an incidental
substrate for EndoS2.

■ DISCUSSION
Our data explain how EndoS2 is able to recognize a broad
repertoire of N-glycans. Binding to substrate N-glycans is
predominantly driven by GH domain loops 1, 6, and 7 that
make contact with the N-glycan pentasaccharide core and
α(1,3) antenna, a mechanism that is conserved between EndoS
and EndoS2. In both enzymes, loops 6 and 7 make contact
with the core alone, while loop 1 makes contact with the core
and α(1,3) antenna; because we mutated residues in batches,
we cannot be certain if binding is driven by the core alone, or
the core plus α(1,3) antenna. Specific recognition of the α(1,3)
antenna is plausible, as molecular dynamic simulations and
NMR suggest that this antenna may be more extended and
enzyme-accessible than the α(1,6) antenna.43,44 EndoS2 has
key differences from EndoS in GH loops 3 and 4, which create
extra space and form specific contacts with the α(1,6) antenna
(Figures 2 and 3, Figure S3). This allows EndoS2 to bind high-
mannose substrates, which bear an extra antenna compared to
complex biantennary substrates. This also explains how
EndoS2 is able to recognize hybrid N-glycans, which have a
complex glycan on the α(1,3) antenna and a high-mannose
glycan on the α(1,6) antenna. EndoS2 also has a smaller
residue than EndoS (H109 versus W153) at the position which
bisects the complex glycan, which may explain why EndoS2
alone can process bisected complex N-glycans.3,4 This residue
interacts differently with HM- and CT-type glycan in both
crystal structures. In the EndoS2-CT structure, the side chain
of H109 forms a hydrogen bond with O4 of Man (−2); the
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same interaction is conserved in the EndoS-CT structure
mediated by W153.18 However, in the EndoS2-HM structure,
the H109 forms a hydrogen bond with the ring-oxygen of Man
(−9). Even though there are no conformational changes for
EndoS2 to bind HM or CT glycans, the different sugar and
bond composition between glycans allows EndoS2 to
accommodate either one in the binding site in a specific
manner. This is not possible in other enzymes of the same
family. The vast majority of contacts are made with the
pentasaccharide core, which is conserved among all human N-
glycans (Figure S1). This explains why EndoS2 does not
discriminate based on the degree of sialylation, galactosylation,
or fucosylation.3 The differences in the GH domain alone are
sufficient to explain the difference in specificity between EndoS
and EndoS2, as demonstrated by the ability of an EndoS
chimera with EndoS2 GH domain to process high-mannose
IgG1 (Figure 5). However, this enzyme is extremely inefficient,
but can be dramatically improved by the simultaneous
substitution of the EndoS2 CBM. These results, along with
CBM point mutagenesis and HDX-MS, demonstrate the
critical importance of the CBM. Although EndoS2 recognizes
diverse N-glycans, it has a strong preference for complex-type
N-glycans on IgG. This could be due to weaker interactions
within the active site (e.g., with the α[1,3] antenna), the CBM,
or both. This is perhaps unsurprising from an evolutionary
standpoint, as complex-type N-glycans make up the vast
majority of glycoforms on human IgG.45

Our results suggest that the mechanism of EndoS2 relies on
an interplay between its GH domain and CBM. Many
endoglycosidases have CBMs appended to them; however,
they are usually appended in seemingly random orientations
relative to the GH domain, and only a few studies have
investigated how the orientation of the CBM affects the
activity of the GH domain.46−50 It is tempting to speculate that
the orientation of the CBM affects EndoS2 activity for several
reasons. First, the GH and CBM are located on opposite tips of
the “V-shaped” enzyme, with their glycan-binding surfaces
pointing inward. Such a configuration could allow the CBM to
bind one N-glycan on IgG while positioning the other near the
active site. Second, when the GH and CBM domains from
EndoS2 are placed on an EndoS scaffold, activity is not fully
restored to wild-type levels, suggesting that the scaffold is also
playing a role. Finally, EndoS2 is specific toward N297
glycosylation, as N-glycans that were introduced in three
nearby locations were not processed. Our HDX data detect
very few contacts with the antibody protein surface, so
recognition is likely being driven by the N-glycans. The strict
Asn297 specificity of EndoS2 therefore suggests something
unique about the N-glycan structures when attached at this
location as opposed to others. Perhaps the distance and angle
between the GH and CBM are optimal for an avidity effect
with the two N-glycans of intact IgG, explaining why EndoS2
loses activity on denatured IgG.3 Structures of EndoS2 bound
to Fc are tantamount to understanding the protein specificity
of EndoS2, including the following: (i) what conformational
changes occur in EndoS2 and IgG to support catalysis; (ii)if
EndoS2 domains interact with the same N-glycan simulta-
neously, the same N-glycan consecutively, or two different N-
glycans simultaneously; and (iii) if the latter is true, how the
second N-glycan gets processed after the first is removed.

Our results also inform the field of antibody glycoengineer-
ing. In other fields, CBMs are frequently appended to
carbohydrate active enzymes to increase their activity.51−53

Our results suggest that a similar strategy could be applicable
to enzymes which modify antibodies. Perhaps different CBMs
could be appended to EndoS2 to shift its preference for
different substrates. The same principles may also be applicable
to the generation of more efficient transglycosylation mutants,
which catalyze the addition rather than removal of
carbohydrates. These enzymes are frequently made by
mutating one of the catalytic residues in the active site, and
transglycosylation mutants of EndoS2 have been described for
the chemoenzymatic synthesis of IgG.17 If transglycosylation
mutants require functioning CBMs when they are naturally
present, attention could be given to engineering these domains
as well, and if CBMs are not required, perhaps they could be
mutated or removed to slow the hydrolysis of product� a
problem which frequently plagues the discovery of efficient
transglycosylation mutants.

Antibodies are of considerable interest because of their
versatility and central role in human health. As such, enzymes
that specifically modify antibodies, such as EndoS2, may serve
increasing roles in the treatment or diagnosis of disease.
Understanding the mechanism of these proteins will further
our ability to engineer enzymes to catalyze customizable
reactions for the betterment of human health.

■ MATERIALS AND METHODS
Cloning, Expression, and Purification. DNA encoding

wild-type EndoS2 (Genbank entry: ACI61688.1) was cloned
from plasmid pGEXndoS2,3 courtesy of Dr. M. Collin (Lund
University, Sweden) into the PET22b-CPD vector as
previously described.17 The plasmid was transformed into
Escherichia coli BL21(DE3)pLysS and expressed in 6 L of LB
medium overnight at 22 °C after induction with 0.5 mM IPTG
at an OD600 of 0.6. Cells were harvested (5000g for 15 min)
and lysed in a buffer containing 500 mM NaCl, 10% (v/v)
glycerol, and 50 mM Tris-HCl pH 7.4 (buffer 1) by sonication.
The soluble fraction was passed over a HisPur NiNTA column
(Thermo Scientific), and washed with buffer 1 until
absorbance at 280 nm was undetectable. EndoS2 was then
eluted using buffer 1 supplemented with 100 μM phytic acid
for 10 min at room temperature to remove the CPD-His10
domain.54 EndoS2 was concentrated in an Amicon Ultra-15
centrifugal filter unit (Millipore) with a molecular cutoff of 50
kDa at 4000g, and exchanged into a buffer containing 75 mM
NaCl, 10 mM Tris-HCl pH 7.4 (buffer 2) for crystallization
studies, or PBS for enzymatic studies. EndoS2 was then further
purified by size exclusion chromatography in a Superdex 200
10/300 GL column (GE Healthcare), and assessed for purity
by SDS/PAGE. EndoS2 alanine mutants were developed by
PCR-based site-directed mutagenesis, while loop-swap and
domain-swap chimeras were created by the FastCloning
method,55 with full sequences confirmed by Stabvida
(https://www.stabvida.com) or Genewiz (https://www.
genewiz.com) (Table S3). The template for ndoS came from
pGEXndoS (GenBank entry: AF296340).19 EndoS2 mutants
were expressed and purified as described above, flash-frozen,
and stored at −20 °C until ready for use.

Chemoenzymatic Preparation of N-Glycans. The core
fucosylated sialyl complex-type N-glycan (G2S2F) was
synthesized through enzymatic core fucosylation of the
sialylated glycopeptide (SGP) isolated from chicken egg
yolks, followed by PNGase F catalyzed release of the free N-
glycan from the glycopeptide. Specifically, the α-fucoligase
mutant E274A (0.28 mg, 0.28 mg/mL) was added to a mixture
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of α-fucopyranosyl fluoride (0.5 mg, 3 μmol) and acceptor
SGP (5.72 mg, 2 μmol) in a buffer (PBS, 100 mM, pH 7.4, 1
mL).56 The reaction was monitored with LC-MS (Thermo
Scientific), and the desired product was purified with
preparative HPLC (Waters) to give the fucosylated glycopep-
tide, G2S2F-peptide (5.16 mg, 86%). ESI-MS: calcd for SGP-
F, M = 3011.23 Da; found (m/z), 1507.32 [M + 2H]2+,
1005.41 [M + 3H]3+. A solution of the G2S2F-peptide (5 mg)
in a buffer (PBS, 100 mM, pH 7.4, 0.5 mL) was incubated with
PNGase F (100 μg at 37 °C for 2 h. The desired product was
purified with G-10 size-exclusion column (GE Healthcare) to
give the core fucosylated N-glycan, G2S2F (3.1 mg, 80%). ESI-
MS: calcd for SCT-F, M = 2368.84 Da; found (m/z), 1186.10
[M + 2H]2+, 790.89 [M + 3H]3+. The high-mannose (HM,
Man9GlcNAc2Asn) glycan was prepared by digestion of
soybean agglutinin isolated from soybean flour, following the
previously published procedure.57 ESI-MS: calcd for Man9-
GlcNAc2Asn, M = 1996.69 Da; found (m/z), 999.99 [M +
2H]2+, 680.13 [M + 3Na]3+.

EndoS2 Crystallization and Data Collection. Wild-type
EndoS2 was concentrated to 7 mg/mL, and 250 nL of protein
was combined with 250 nL of mother liquor (0.2 M sodium
citrate tribasic, 0.1 M sodium citrate pH 4, and 20% [w/v]
polyethylene glycol 3350) in sitting drops. Crystals resembling
a hair ball were discovered six months later, having previously
been checked after one month. Crystal morphology was
improved by streak seeding into hanging drops where 1 μL of
protein at 6.6 mg/mL was combined with 1 μL of mother
liquor, resulting in the appearance of single platelike crystals
after 3 days. These unliganded crystals were harvested in
mother liquor supplemented with 20% (v/v) glycerol for
cryoprotection, and flash cooled in liquid nitrogen. EndoS2-
CT crystals were obtained by cocrystallizing EndoS2, as
described above, with mother liquor supplemented with 2 mM
CT glycan, and then harvested into mother liquor
supplemented with 20% glycerol and 1.1 mM CT glycan and
flash cooled. EndoS2-HM crystals were obtained by soaking
unliganded crystals in mother liquor supplemented with 50
mM Man9 N-glycan and 20% glycerol for 1 min before being
flash cooled. Data were collected from unliganded EndoS2 and
EndoS2-CT crystals at the Stanford Synchrotron Radiation
Lightsource (SSRL) beamline 12-2 using a Dectris Pilatus3 6
M detector. Data for EndoS2-HM were collected at the
Advanced Photon Source (APS) beamline 23-ID-D on a
Dectris Pilatus3 6 M detector.

Structure Determination, Refinement, and Analysis.
The unliganded EndoS2 structure was solved first, using the
GH, LRR, and hybrid-Ig domains from EndoS as a search
model for molecular replacement using PHENIX Phaser-
MR.58 Subsequent rounds of model building and refinement
using Coot59 and phenix.refine,60 respectively, allowed for
molecular replacement of the remaining CBM domain. Models
were further built and refined, and then run through the
PDB_REDO server61 before a final round of refinement with
phenix.refine. EndoS2-CT and EndoS2-HM were phased off of
the unliganded EndoS2 structure, and then built and refined as
described above. The glycans were built using the GLYCAM−
Web server (http://glycam.org/) and energy-minimized using
the PRODRG server,62 and restraints were generated using the
grade web server (http://grade.globalphasing.org). Z-scores
were produced using DALI.36 Protein−ligand contacts were
determined using the PISA server63 and further refined using
the following distance cutoffs (in Å): C−C, 4.1; C−N, 3.8; C−

O, 3.7; O−O, 3.3; O−N, 3.4; N−N, 3.4.64 Illustrations were
generated using PyMOL2.2 (Schrod̈inger, 2018).

Production of Antibodies. Rituximab (RITUXAN,
Genentech) was kindly provided courtesy of the University
of Maryland Greenebaum Comprehensive Cancer Center.
High-mannose IgG1 antibodies were expressed and purified
from HEK293T cells as previously described.18 Hyper-
glycosylated Fcs (IgG1 CH residues 238−447) were generated
through point mutagenesis by introducing the glycosylation
motif NST into various surface-exposed loops near the natural
glycosylation site. These Fcs contained the natural glyco-
sylation site at N297, as well as an additional glycosylation site
at either N267, N325, or N329. Wild-type and hyper-
glycosylated Fcs were cloned into pcDNA4/to, and then
transfected using polyethylenimine as transfection reagent.
After transfection, cells were cultured for 96 h in Free-style F17
medium supplemented with GlutaMAX and Geneticin
(Thermo FisherScientific). Hyperglycosylated Fcs were
purified from culture supernatants by protein A chromatog-
raphy using 20 mM sodium phosphate buffer pH 7.0 as
binding buffer and 100 mM sodium citrate buffer pH 3.0 as
elution buffer. All the fractions were neutralized with 1 M Tris
pH 9.0, pooled and dialyzed against 20 mm HEPES pH 7.4,
150 mM NaCl, and further purified by size exclusion
chromatography in a Superdex 200 10/300 GL column (GE
Healthcare). The presence of hyperglycosylation was con-
firmed by SDS-PAGE.

Enzymatic Activity Assays. Reactions were set up using 5
nM EndoS2 for reactions with Rituximab, or 100 nM EndoS2
for reactions with high-mannose IgG1. Enzymes were mixed
with 5 μM antibody in PBS pH 7.4 at room temperature. For
point mutants, 10 μL aliquots of the reaction were taken in
duplicate and quenched after 45 min with 1.1 μL of 1%
trifluoroacetic acid. Longer reaction times were used to detect
lower levels of activity; domain-swap reactions were allowed to
progress for 2 h, and hyperglycosylation reactions were allowed
to progress for 6 days. The quenched reactions were then
mixed with 50 mM TCEP, and analyzed by LC-MS using an
Accela LC System attached to a LXQ linear ion trap mass
spectrometer (Thermo Scientific, Waltham, MA), as previously
described.65 Relative amounts of substrate and hydrolysis
products were quantified after deconvolution of the raw data
and identification of the corresponding MS peaks using
BioWorks (Thermo Scientific, Waltham, MA). Statistical
significance was determined using a multiple comparisons
test (Tukey method) in GraphPad (GraphPad Software, La
Jolla, CA). No difference in activity was observed for EndoS2
before and after flash-freezing. For α-1-AGP hydrolysis,
lyophilized α-1-AGP (Sigma) was resuspended in PBS, and 8
μg of α-1-AGP was added to 4 μg of enzyme in 20 μL of PBS,
and incubated at 37 °C for up to 48 h. Reactions were
quenched by boiling in Laemmli buffer, and results were
analyzed by SDS-PAGE.

Binding Analysis. Surface plasmon resonance experiments
were performed as previously described,19 with the following
modifications: Rituximab was immobilized in flow cells 1 and
2, while high-mannose IgG1 was immobilized in flow cells 3
and 4� both at a density of 1000 RU. N-Glycans were
removed from flow cells 1 and 3 by flowing 1 mg/mL
EndoS2WT over these cells for 1 h. The HBS-X running buffer
contained 20 mM HEPES pH 7.4, 150 mM NaCl, and 0.005%
Tween 20. Concentration series of EndoS2E186L (20−0.32 μM)
and EndoSE235L (20−0.32 μM) were injected over flow cells 1
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and 2 to measure Rituximab binding, while concentration
series of EndoS2E186L (100−0.78 μM) and EndoSE235L (80−
0.63 μM) were injected over flow cells 3 and 4 to measure
high-mannose IgG1 binding.

Hydrogen−Deuterium Exchange Mass Spectrometry
(HDX-MS). The coverage maps for all proteins were obtained
from undeuterated controls as follows: 1 μL of 200 μM sample
in PBS was diluted with 19 μL of ice cold quench (50 mM
glycine, 6.8 M guanidine-HCl, 100 mM tris(2-carboxyethyl)-
phosphine [TCEP], pH 2.4). After 5 min, 180 μL of 50 mM
glycine buffer, pH 2.4, was added prior to the injection. A 50
μL portion of quenched samples was injected into a Waters
HDX nanoAcquity UPLC (Waters, Milford, MA) with in-line
pepsin digestion (Waters Enzymate BEH pepsin column).
Peptic fragments were trapped on an Acquity UPLC BEH C18
peptide trap and separated on an Acquity UPLC BEH C18
column. A 7 min, 5−35% acetonitrile (0.1% formic acid)
gradient was used to elute peptides directly into a Waters
Synapt G2-Si mass spectrometer (Waters, Milford, MA). MSE
data were acquired with a 20−30 V ramp trap CE for high-
energy acquisition of product ions as well as continuous lock
mass (Leu-Enk) for mass accuracy correction. Peptides were
identified using the ProteinLynx Global server 3.0.3 (PLGS)
from Waters. Further filtering of 0.3 fragments per residue was
applied in DynamX 3.0.

For each construct, the HD exchange reactions and controls
were acquired using a LEAP autosampler controlled by
Chronos software. The reactions were performed as follows:
1 μL of 100 μM unliganded EndoS2E186L, unliganded
Rituximab, or EndoS2E186L in complex with Rituximab in
PBS was incubated in 19 μL of PBS, 99.99% D2O, pD 7.4. All
reactions were performed at 25 °C. Prior to injection,
deuteration reactions were quenched at various times (10 s,
1 min, 10 min, 1 h, and 2 h) with 60 μL of 50 mM glycine
buffer, 7 M guanidine-HCl, 100 mM TCEP pH 2.4, followed 1
min later by a postquench dilution of 170 μL of 50 mM glycine
buffer, pH 2.4. A volume of 55 μL of the quenched reaction
was injected. Back exchange correction was performed against
fully deuterated controls acquired by incubating 1 μL of 100
μM of each sample in 19 μL of PBS, 99.99% D2O, pD 7.4
containing 7 M deuterated guanidine DCl and 30 mM TCEP
for 2 h at 25 °C prior to quenching (without guanidine HCl)
and dilution. All deuteration time points and controls were
acquired in triplicate.

The deuterium uptake for all identified peptides with
increasing deuteration time and for the fully deuterated
control was determined using Water’s DynamX 3.0 software.
The normalized percentage of deuterium uptake at an
incubation time t (%Dt) for a given peptide was calculated
as follows: D% t

m m

m m

100( )t 0

f 0
= Š

Š
, with mt the centroid mass at

incubation time t, m0 the centroid mass of the undeuterated
control, and mf the centroid mass of the fully deuterated
control. Percent deuteration difference plots, Δ%Dt (un-
liganded − complex), displaying the difference in percent
deuteration between the unliganded and Rituximab-complexed
EndoS2E186L for all identified peptides, at all deuterium
incubation times probed were generated. Confidence intervals
for the Δ%D plots were determined using the method outlined
by Houde et al.,66 adjusted to percent deuteration using the
fully deuterated controls. Briefly, this approach involves the use
of a two-criteria condition for determining the statistical
significance of deuterium uptake differences observed for any

given peptide: first, a difference in deuterium uptake at any
single deuterium incubation time point (in colors) which is
superior to the 98% confidence interval (thin horizontal lines)
as determined using the overall standard deviation from the
entire data set (all peptides, all time points, all states); and
second, a summed difference in deuterium uptake integrated
over all time points probed (represented as gray bars) which is
superior to its respective 98% confidence interval (thick
horizontal lines) as determined using the overall standard
deviation propagated to the number of time point.
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