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Background: Endoglycosidase S (EndoS) is an immune evasion factor from Streptococcus pyogenes that impedes IgG
effector functions by deglycosylation.
Results: Analysis of fragments of enzyme and substrate identify components of each that contribute to catalysis.
Conclusion: Regions outside of the catalytic domain of EndoS contribute to IgG deglycosylation, and catalysis does not require
all antibody subunits.
Significance: Engineering of EndoS specificity requires consideration of both catalytic and non-catalytic regions.

Endoglycosidase S (EndoS) is a glycoside-hydrolase secreted by
the bacterium Streptococcus pyogenes. EndoS preferentially
hydrolyzes the N-linked glycans from the Fc region of IgG
during infection. This hydrolysis impedes Fc functionality
and contributes to the immune evasion strategy of S. pyo-
genes. Here, we investigate the mechanism of human serum
IgG deactivation by EndoS. We expressed fragments of IgG1
and demonstrated that EndoS was catalytically active against
all of them including the isolated CH2 domain of the Fc
domain. Similarly, we sought to investigate which domains
within EndoS could contribute to activity. Bioinformatics
analysis of the domain organization of EndoS confirmed the
previous predictions of a chitinase domain and leucine-rich
repeat but also revealed a putative carbohydrate binding
module (CBM) followed by a C-terminal region. Using
expressed fragments of EndoS, circular dichroism of the iso-
lated CBM, and a CBM-C-terminal region fusion revealed
folded domains dominated by � sheet and � helical structure,
respectively. Nuclear magnetic resonance analysis of the
CBM with monosaccharides was suggestive of carbohydrate
binding functionality. Functional analysis of truncations of
EndoS revealed that, whereas the C-terminal of EndoS is dis-
pensable for activity, its deletion impedes the hydrolysis of
IgG glycans.

EndoS4 is a secreted glycoside hydrolase produced by the
group A Streptococcus pyogenes, which shows specific endogly-
cosidase activity against human immunoglobulin G (IgG) (1).
Deglycosylation impairs the effector functions of IgG, contrib-
uting to the immune evasion strategy of S. pyogenes.

IgG is a heterodimeric protein comprising two covalently
linked subunits, each containing a heavy chain and a light chain.
This multidomain structure contributes to the two key func-
tions of IgG. First, IgG has antigen binding capability mani-
fested in the variable Fab domains of the protein. Second, IgG
has the capacity to elicit immunological responses through the
conserved Fc domain. These Fc-mediated responses include
binding to various Fc � receptors as well as activation of the
complement pathway (for review, see Ref. 2). Within the Fc
domain, there is an N-linked glycosylation site on the IgG heavy
chain. This conserved glycan contributes heavily to the struc-
tural integrity of the IgG Fc region where deglycosylation dis-
rupts the effector functions of IgG (3–5). EndoS-mediated
deglycosylation of the IgG heavy chain causes a disruption of Fc
receptor binding. In the context of infection, this results in
impaired killing of S. pyogenes through opsonophagocytosis.
This supports the notion of EndoS involvement in S. pyogenes
immune evasion (6).

Specifically, EndoS cleaves the �134 linkage within the di-
N-acetylchitobiose core of the N-linked glycan present at Asn-
297 of the IgG CH2 domain (1). EndoS also displays activity
against glycans free in solution. In this context EndoS shows
specificity for complex biantennary-type glycans and as such
has gained interest for use as a specific transglycosidase for the
chemoenzymatic synthesis of antibody glycoforms (7, 49).
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EndoS is one of multiple IgG-targeting immune evasion fac-
tors secreted by S. pyogenes during infection. S. pyogenes also
secretes the cysteine proteases SpeB and IdeS that cleave at the
hinge region of IgG (for review, see Ref. 8). In addition to these
proteases, a secondary endoglycosidase EndoS2 is present in
virulent M49 strains (9). In addition to the activity of SpeB
against IgG, this enzyme displays proteolytic activity against
EndoS at position 446, rendering it catalytically inactive (10).
This SpeB-mediated EndoS inactivation is perhaps a self-regu-
latory mechanism on the part of S. pyogenes. Alternatively, it
may be a result of the relatively low specificity of SpeB. IdeS is a
more specific protease, which as of yet does not show proteo-
lytic activity against any tested substrate other than IgG. For
this reason IdeS is actively being explored as a tool for treat-
ment of IgG-mediated immune diseases (11, 12).

In parallel and in combination to IdeS, the ability of EndoS to
specifically deglycosylate IgG has led to exploration of its activ-
ity in the treatment of immunological disorders (13, 14). EndoS
has been successful in in vivo studies for the treatment of model
systems of rheumatoid arthritis, experimental glomerulone-
phritis, and systemic lupus erythematosus (11, 15–17).

EndoS is also of interest for use in enhancing monoclonal
antibody receptor interactions (5). In this application IgG gly-
coforms less susceptible to EndoS could maintain Fc � receptor
binding activity in the presence of competing serum IgG when
treated with EndoS. Despite the success of engineering more
resistant IgG glycoforms for this application, engineering pro-
tein mutations, which confer EndoS resistance to IgG, would
also assist in the development of monoclonal antibodies suita-
ble for this application. In addition, monoclonal antibodies
resistant to S. pyogenes immune evasion factors, principally
EndoS and the IdeS protease, might offer a further route to the
treatment of S. pyogenes infections. Understanding and charac-
terizing the interaction between EndoS and IgG is an important
step in the development of these synthetic and therapeutic
applications.

Homology modeling has given insight into the overall topol-
ogy of EndoS (1, 10). A chitinase domain dominates the N-ter-
minal region of EndoS and displays homology to family 18 gly-
coside hydrolases. Mutagenesis of the proposed catalytic
residue from this domain resulted in an apparent loss of activ-
ity, supporting the predicted assignment of this region as a
chitinase domain (2, 10). Downstream of the chitinase domain,
EndoS contains a leucine-rich repeat (LRR). LRRs are struc-
turally well characterized and are commonly involved in pro-
tein-protein interactions (for review, see Refs. 3, 4, and 18).
Considering that EndoS is inactive against denatured IgG, pro-
tein-protein as well as protein-glycan interactions are likely to
play a role in activity (5, 19). The LRR may be involved in these
protein-specific IgG-EndoS interactions and contribute to
activity in this way.

In an effort to characterize the IgG-EndoS interaction, we
have analyzed truncated domains of IgG and subsequently the
ability of EndoS to deglycosylate these domains. Furthermore,
we have probed the amino acid sequence of EndoS to better
characterize the C-terminal region of the protein, and we
report the presence of a carbohydrate binding module (CBM).

EXPERIMENTAL PROCEDURES

Cloning and Expression—The constructs for IgG1 Fc,
CH2-H, and CH2 were cloned for recombinant expression in
mammalian cells. The gene for human IgG1 Fc encoding resi-
dues 224 – 446 (SWISS-PROT accession number P01857.1)
was cloned into the mammalian expression vector, pHLSec, as
described previously (6, 20). Using the same IgG1 Fc sequence
as a template, a CH2-H construct was designed to contain the
hinge region and CH2 domain of IgG1 Fc (residues 224 –338),
and a CH2 construct was made to solely encompass the CH2
domain of IgG1 Fc (residues 231–338). Both the CH2-H and
CH2 genes were synthesized by GeneArt (Invitrogen) to con-
tain additional 5� and 3� sequences to allow compatibility with
the In-Fusion cloning system (Clontech) and were cloned as
such into the vector pHLSec.

The Fc, CH2-H, and CH2 glycoforms were transiently
expressed in HEK 293T cells (ATCC number CRL-1573) as
described previously (1, 21). Briefly, cells were grown in stan-
dard T225 flasks (Corning) at 37 °C in a humidified incubator
containing 5% CO2. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin. For tran-
sient expression, endotoxin-free plasmid DNA containing the
relevant construct was mixed with polyethyleneimine at a mass
ratio of 1:1.5 in DMEM containing 1% penicillin/streptomycin.
Cells were cultured to 90% confluence before being transfected
with the DNA:polyethyleneimine mixture. The cells were
grown for a further 4 days in DMEM, 1% fetal bovine serum,
and 1% penicillin/streptomycin at 37 °C, 5% CO2. Full-length
IgG from human serum was purchased from Sigma.

A plasmid containing an N-terminally glutathione S-trans-
ferase (GST)-tagged construct of the full-length EndoS protein
was kindly provided by Prof. Ben Davis (University of Oxford)
(7). Briefly, S. pyogenes serotype M1 ndoS nucleotide sequence
(GenBankTM accession number AF296340) was codon-opti-
mized for Escherichia coli expression. The optimized gene was
then synthesized by GenScript to contain both 3� BamHI and 5�
NotI restriction endonuclease sites. Using these sites, the
resultant gene was cloned into the expression vector pGEX-
4T-1 (GE Healthcare).

The pGEX-4T-1-ndoS vector was used as a template for gen-
erating the various EndoS domain constructs. The CBM-KO
construct was generated via overlap PCR to remove residues
761–924. The remaining constructs, ChitLRR (residues 1–760),
CBM (residues 761–924), and CBM-CT (residues 761–995),
were amplified by PCR to be cloned into bacterial expression
vectors. ChitLRR was cloned into pGEX-4T-1 (GE Healthcare),
whereas the CBM-KO, CBM, and CBM-CT constructs were
cloned into ChampionTM pET303 (Invitrogen).

All EndoS constructs were transformed into E. coli BL21
(DE3) SOLOTM cells (Lucigen) following the manufacturer’s
instructions. EndoS and ChitLRR were expressed as N-terminal
GST fusions. Using baffled 2-liter conical flasks, a 500-ml cul-
ture of cells was grown in Miller lysogeny broth containing
carbenicillin (100 �g/ml) at 37 °C with shaking (250 rpm).
Upon reaching an optical density at 600 nm (A600) of 0.6 – 0.7,
the cells were induced with 1 mM isopropyl �-D-1-thiogalacto-
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pyranoside. The cells were then incubated for a further 4 h at
37 °C at 250 rpm. CBM-KO, CBM, and CBM-CT were all
expressed with a C-terminal hexahistidine tag. For these con-
structs, a 500-ml culture of cells was grown in 2-liter baffled
conical flasks using Magic MediaTM (Invitrogen) containing
carbenicillin (100 �g/ml). Cells were grown at 37 °C with shak-
ing (250 rpm) to an A600 of 0.6 – 0.7 at which point the temper-
ature was reduced to 25 °C for a further 24 h of growth.

Expression of isotopically labeled 15N-CBM was achieved
using a modified recipe for C-75052 media (8, 22). Here, the
recipe was amended to contain no �-lactose or glycerol and was
supplemented with 0.5% glucose. A 500-ml culture was grown
in modified C-75052 containing carbenicillin (100 �g/ml) at
37 °C with shaking (250 rpm). The cells were cultured to an A600
0.7– 0.8 before being induced with 1 mM �-D-1-thiogalactopy-
ranoside. The cells were then incubated at 25 °C with shaking
(250 rpm) for a further 20 h post induction. For all constructs,
cells were harvested by centrifugation (6000 � g for 15 min) and
frozen at �80 °C before lysis and purification.

Purification of IgG Domains—For Fc, CH2-H, and CH2, cell
culture supernatant was decanted from culture flasks 4 days
post-transfection and centrifuged at 2000 � g for 5 min to pellet
any residual cells. The supernatant was then passed through a
0.22-�m filter and diluted 1:1 with binding buffer (PBS, 10 mM

HEPES, pH 8.0).
The protein of interest was then purified by immobilized

metal affinity chromatography using HisPurTM Ni-NTA resin
(ThermoScientific). Eluted fractions containing the target pro-
tein were concentrated using Vivaspin20 concentrators (10-
kDa molecular mass cutoff for Fc, 3-kDa molecular mass cutoff
for CH2-H and CH2) for further purification by size exclusion
chromatography. Samples were applied to a pre-equilibrated
Superdex200 HiPrep 16/60 (Fc) or Superdex75 HiPrep 16/60
(CH2-H, CH2) column. Protein was eluted with 10 mM HEPES,
pH 8.0, 150 mM NaCl. The absorbance at 280 nm (A280) of the
eluate was monitored to determine the presence of protein.
Protein purity was assessed by SDS-PAGE.

Purification of EndoS Domains—Pelleted cells were resus-
pended in PBS containing lysozyme (Sigma), DNase I (Roche
Applied Science), and protease inhibitors (Complete EDTA-
free; Roche Applied Science). Cells were then mechanically
lysed using a single pass through a cell disruptor at 30 kp.s.i.
(Constant Systems). Cell lysate was clarified by centrifugation
at 30,000 � g for 30 min. The supernatant was passed through a
0.22-�m filter before further purification.

Purification of EndoS and ChitLRR—GST fusion was purified
from clarified supernatant using a GSTPrepTM FF 16/10 col-
umn (GE Healthcare) as previously described (7, 9). Fractions
containing putative GST fusion were pooled, and total protein
content was measured by bicinchoninic acid assay (10, 23)
(Pierce). Thrombin (GE Healthcare) was then added at 1 units/
0.1 mg of protein and incubated at room temperature for 24 h to
remove the GST tag.

The cleaved sample was then dialyzed into 20 mM Tris, pH
8.0, 10 mM NaCl in preparation for anion exchange chromatog-
raphy using a HiPrep Q HP column (GE Healthcare). The sam-
ple was purified from contaminants using buffer A (20 mM Tris,
pH 8.0) and an increasing gradient of buffer B (20 mM Tris pH

8.0, 1 M NaCl). Fractions containing EndoS or ChitLRR were
pooled and concentrated using a Vivaspin20 concentrator (10-
kDa molecular mass cutoff). The sample was then purified by
size exclusion chromatography using a HiPrep SephacrylS200
16/60 column (GE Healthcare) pre-equilibrated with 10 mM

HEPES, pH 8.0, 150 mM NaCl.
Purification of CBM-KO, CBM, and CBM-CT—His-tagged

constructs were purified from clarified supernatant using His-
PurTM Ni-NTA resin (ThermoScientific). Eluted fractions con-
taining the target protein were concentrated using Vivaspin20
concentrators (10-kDa molecular mass cutoff) for further puri-
fication. At this stage CBM-KO was subjected to an additional
anion-exchange step using a HiPrep Q HP column (GE Health-
care). CBM-KO was dialyzed into 20 mM Tris, pH 8.0, 20 mM

NaCl and then purified using a gradient of buffer A and B as
described above. CBM-KO, CBM, and CBM-CT were then
purified by size exclusion chromatography. Samples were
applied to a pre-equilibrated Superdex200 HiPrep 16/60
(CBM-KO) or Superdex75 HiPrep 16/60 (CBM, CBM-CT) col-
umn. Protein was eluted with 10 mM HEPES, pH 8.0, 150 mM

NaCl (CBM-KO), or 20 mM Tris, pH 7.5, 150 mM NaCl (CBM,
CBM-CT).

Enzymatic Release of N-Linked Glycans—For release of
N-linked glycans by EndoS, reactions were performed in PBS at
a molar ratio of 1:10 EndoS to substrate. The reaction was
allowed to proceed for 24 h. Release of the total or remaining
pool of N-linked glycans was carried out in solution using pro-
tein N-glycosidase F (PNGase F; New England Biolabs) follow-
ing the manufacturer’s instructions. Enzymatically released gly-
cans were purified from enzyme reactions using a Ludger
CleanTM Post-Exoglycosidase Clean-up Plate (Ludger).
PNGase F release of N-linked glycans from SDS-PAGE gel
bands was performed as described previously (20, 24).

Analysis of Released N-Linked Glycans—For HPLC analysis,
glycans were fluorescently labeled using LudgerTagTM 2AA
(2-aminobenzoic acid) glycan labeling kit (Ludger). To remove
excess dye, labeled glycans were purified with LudgerCleanTM

T1 Glycan Cleanup Cartridges using a vacuum manifold
(Ludger). Eluted glycans were then analyzed by HPLC using a
LudgerSepTM N2 High Resolution Amide column employing a
gradient of solvent A (1.25 mM ammonium formate, pH 4.4)
and solvent B (acetonitrile). The sample was solvated in 35%
MilliQ water, 65% B and loaded onto the column pre-equili-
brated with 35% A. The gradient was increased from 35 to 46%
A over 22 min at 0.7 ml/min and was further increased from 46
to 50% B over 2 min at 0.7 ml/min. The gradient was then set at
100% A for 2 min at 0.7 ml/min. Fluorescence was detected
using an excitation wavelength of 360 nm and a detection wave-
length of 425 nm.

The identity of the glycans was confirmed by MALDI-TOF
MS and negative ion electrospray ionization-S/MS (11, 12, 25)
using unlabeled glycans cleaned with a Nafion 117� membrane
(13, 14, 26). MALDI-TOF spectra were recorded with a Shi-
madzu-Kratos TOF2 mass spectrometer (Shimadzu Biotech,
Manchester, UK) with 2,5-dihydroxybenzoic acid as the matrix.

Nanoelectrospray mass spectrometry was performed with a
Waters Synapt G2 ion mobility quadrupole-time-of-flight
instrument. Samples in 1:1 (v/v) methanol:water containing 0.5
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mM ammonium phosphate (to ensure maximum formation of
phosphate adducts) were infused through Waters thin-wall
nanospray capillaries. The ion source conditions were: temper-
ature, 80 °C; infusion needle potential, 1.2 kV; cone voltage 100
V. The traveling-wave ion-mobility cell (nitrogen) was operated
with a wave velocity of 450 m s�1 and a wave height of 40 V. For
MS/MS data acquisition, the parent ion was selected at low
resolution (about 4 m/z mass window) and fragmented with
argon. The voltage on the collision cell was adjusted with mass
to give an even distribution of fragment ions across the mass
scale. Typical values were 80 –120 V. Spectra (2 s scans) were
acquired with a digitization rate of 4 GHz and accumulated
until a satisfactory signal:noise ratio had been obtained. Other
operating voltages were as recommended by the manufacturer.
Instrument control, data acquisition, and processing were per-
formed with MassLynx software Version 4.1, and Waters Drift-
Scope software was used to extract singly charged glycan ions
from the total profile and to reject MS/MS fragment ions that
were not associated with the target glycan (11, 15–17, 27). Gly-
can fragments were labeled according to the scheme proposed
by Domon and Costello (28).

SDS-PAGE Analysis—SDS-PAGE was carried out using
Novex NuPAGE Bis-Tris 4 –12% pre-cast gels. Electrophoresis
was performed in NuPAGE MES SDS running buffer (Invitro-
gen) using an XCell SureLockTM Electrophoresis Cell (Invitro-
gen). All samples were mixed with NuPAGE LDS Sample Buffer
(Invitrogen) and reduced using dithiothreitol then boiled at
95 °C for 2 min before electrophoresis. In the case of the IgG
fragments, samples were not reduced or boiled but were mixed
with sample buffer before electrophoresis.

Bioinformatic Analysis of EndoS—Using the online server for
the program FUGUE (29), the protein sequence for EndoS was
analyzed for regions of homologous protein structure. The
three-dimensional reconstructions of FUGUE-generated mod-
els were visualized using VMD (30).

Circular Dichroism (CD)—CD spectra were collected using a
Jasco J-815 spectrometer (Jasco). Protein solutions were buff-
ered with 10 mM sodium phosphate, pH 7.2. Protein concentra-
tions were calculated by measuring the absorbance at 280 nm in
conjunction with the predicted extinction coefficient of 30,940
M�1cm�1 for both CBM and CBM-CT. The extinction coeffi-
cient was calculated using Protparam from the ExPASY server
(31), which employs an Edelhoch based method (32–34). Spec-
tra were acquired using a quartz cuvette with a 0.1-cm path
length. The spectra were collected between 260 –180 nm at 50
nm min�1 at 0.5-nm increments with a response time of 0.5 s
and a data pitch of 0.5 nm. Base lines were collected in the same
manner using 10 mM sodium phosphate buffer, pH 7.2. Spectra
were averaged over 4 scans then corrected for solvent back-
ground and smoothed using a Savitzky-Golay method (35). To
determine secondary structure components, various deconvo-
lution methods were applied to the data, which were accessed
using the DICHROWEB server (36).

NMR Titrations—Purified 15N-CBM (0.15 mM) was titrated
with increasing concentrations of D-galactose or L-fructose
(62.5 mM to 2 M). All experiments were performed in 10 mM

BisTris, pH 6.5, 15 mM NaCl at 37 °C. NMR spectra were col-
lected on a Bruker Avance III 600 MHz spectrometer fitted with

a TCI cryoprobe. 1H,15N heteronuclear single-quantum coher-
ence (HSQC) spectra were acquired with 16 scans. Acquisition
time and spectral width were 107 ms and 9579 Hz in the direct
dimension (1H) and 66 ms and 1929 Hz in the indirect dimen-
sion (15N), respectively. Spectra were processed with NMRpipe
(37) and visualized using CcpNmr analysis (38).

Isothermal Calorimetry—Isothermal calorimetry titrations
were carried out using a MicroCal iTC200 (GE Healthcare). All
measurements were carried out at 20 °C. Purified CBM was
dialyzed extensively into PBS, and a stock 1 M D-galactose solu-
tion was made by dissolving the appropriate mass of D-galactose
in the dialysate produced during the dialysis of the CBM. The
CBM (1.4 mM) was titrated with repeated 2-�l injections of 42
mM D-galactose. For the heat of dilution controls CBM was
titrated with PBS and PBS was titrated with D-galactose. Con-
trol experiments utilized identical concentrations to those used
in the binding experiment.

RESULTS

Considering the potential scope for EndoS use in both ther-
apeutic and transglycosidase applications, we sought to under-
stand how its apparent specificity is conferred and what factors
might be important for EndoS deglycosidase activity toward
IgG.

Glycan Analysis of IgG Fragments—As an initial step toward
understanding the specificity of EndoS for IgG, we considered
the minimal protein unit required for deglycosylation of IgG for
EndoS. A number of constructs of the IgG Fc domain were
designed to elucidate protein-protein interactions that might
be important for EndoS activity against IgG. In addition to an
already described Fc domain construct (20), further constructs
were made to encompass the CH2 domain inclusive of the
hinge region, capable of disulfide bonding (CH2-H), and the
CH2 domain excluding the hinge region, predicted to exist as
an isolated monomeric domain (CH2). These components
could be transiently expressed in HEK 293T cells. All con-
structs were soluble and could be purified to �95% purity as
judged by SDS-PAGE (Fig. 1A).

To assess the relevance of these constructs as targets for
EndoS deglycosylation, we determined their overall pattern of
glycosylation (Fig. 1, B–E). Glycan profiling of the total glycan
pool from each of the fragments was carried out by PNGase F
digestion of the purified fragments and comparing them to the
glycosylation profile of human serum IgG. The glycan reper-
toire of the IgG fragments included the majority of the complex
biantennary glycans routinely identified on human serum IgG.
Compared with serum IgG, the IgG fragments had varying
degrees of both galactosylated and bisected glycans. In addition,
CH2-H and CH2 contained hybrid-type glycans as well as
bisected triantennary or tetraantennary species. The expressed
Fc fragment shows reduced glycan processing when compared
with human serum IgG.

Identification of Glycans by Mass Spectrometry—Composi-
tions of the glycans in terms of isobaric residues such as hexose
and N-acetylhexose (N-acetylhexosamine) were deduced from
the masses measured by MALDI-TOF ([M�Na]� ions) and
negative ion nanoelectrospray ionization mass spectrometry
([M�H2PO4]� and [M-H]� ions). Detailed structures were
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determined by negative ion collision-induced decomposition in
the transfer cell of the Synapt mass spectrometer (after mobility
separation) (25) and were confirmed where possible by com-
parison with N-glycans released from well characterized glyco-
proteins such as ovalbumin and porcine thyroglobulin. Repre-
sentative spectra are shown in Fig. 2 with glycans containing
one core GlcNAc residue (released with EndoS) in the left-hand
column and those with two GlcNAc residues (released with
PNGase F) in the right-hand column. Diagnostic fragment ions
discussed in earlier publications on PNGase F-released glycans
were also prominent in the EndoS-released products.

The di-N-acetylchitobiose core region of the PNGase F-re-
leased glycans was characterized by the production of abundant
2,4AR, BR and 2,4AR-1 ions (the subscript R in this discussion
refers to the reducing terminal residue and R-1 to the penulti-
mate residue; in Fig. 2, R and R-1 correspond to 4 and 5 or to 5
and 6 depending on the length of the antennae). Where a core
fucose residue was present at the 6-position (Fig. 2, spectra F, G,
H, and J), the 2,4AR ion appeared at 405 rather than 259 mass
units below that of the molecular ion. For the EndoS-released
glycans, only a 2,4AR ion was present.

The composition of the 6-antenna and, by difference, the
3-antenna, was defined by the mass of the D and D-18 ions that
are formed by formal loss of the di-N-acetylchitobiose core and
the 3-antenna, together in most cases with the 0,3AR-2 and
0,4AR-2 ions from the core branching mannose residue. The D
and D-18 ions appear at m/z 526 and 508, respectively in the

spectra of the biantennary glycans without galactose residues
(spectra A and F) and at m/z 688 and 670 in those with galactose
on the 6-antenna (spectra C and H). Where one galactose resi-
due was present (spectra B and G) the presence of both sets of
ions indicated the existence of isomers with galactose on either
antenna. The 0,3A cross-ring cleavage ion defined the compo-
sitions of the antennae with the C1 ions defining the terminal
residues. The hybrid glycans (spectra D and I) gave D and D-18
ions at m/z 647 and 629, respectively, with additional 0,3A3 and
0,4A3 ions characterizing the presence of the three mannose
residues in the 6-antenna. The bisected glycans (spectra E and J)
displayed very prominent ions at m/z 670 corresponding to
D-221 (loss of the bisecting GlcNAc residue from the D ion).
For more information on the interpretation of these negative
ion collision-induced decomposition spectra see Harvey et al.
(25).

Susceptibility of IgG Fragments to EndoS—Having shown
that isolated domains of IgG1 could be expressed, we were
interested in testing their susceptibility to EndoS deglycosyla-
tion. These experiments were conducted with an aim of deter-
mining if any protein-protein interactions involving missing
domains were crucial to EndoS glycoside hydrolase activity
against IgG1. In all cases, glycans could be hydrolyzed from the
expressed IgG fragments (Fig. 3). In terms of human serum IgG,
higher molecular weight sialylated IgG glycans appear less sus-
ceptible than the more abundant neutral glycans. The glycans
of the Fc domain could be cleaved; however, small populations

FIGURE 1. Glycosylation profiling of serum IgG and recombinantly expressed IgG fragments. Shown is SDS-PAGE analysis of serum IgG and purified IgG
fragments (A). Shown is HPLC analysis of fluorescently labeled glycans released from serum IgG (B) and recombinantly expressed Fc (C), CH2-H (D), and CH2 (E)
using PNGase F. Peaks were assigned using negative ion electrospray ionization-MS/MS and are labeled using Oxford glycan nomenclature (46) with the color
scheme of the Consortium for Functional Glycomics as previously implemented (20, 47). The star denotes glycan with the composition Neu5Ac2Hex5GlcNAc4
(probably Neu5Ac2Gal2GlcNAc2Man3GlcNAc2), which was present in too low a quantity for fragmentation analysis. Fluorescence is reported as relative
fluorescence units (RF).
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of uncleaved bisected biantennary glycans could be seen by
MALDI-TOF MS analysis. The same observation was made for
the CH2-H and CH2 glycoproteins where there was a popula-
tion of uncleaved bisected biantennary glycans. In addition, the
peaks representing either tetraantennary or bisected-trianten-
nary glycans (in both galactosylated and agalactosylated forms)

from CH2-H and CH2 appear more resistant to EndoS cleavage
than other glycan species present on these isolated domains
(Fig. 3, C and D).

EndoS Domain Architecture—Having ascertained that
EndoS could hydrolyze the glycans from an isolated CH2
domain of human IgG1, we assessed the domain organization of

FIGURE 2. Fragmentation analysis of released glycans from IgG. Example fragmentation spectra are shown for EndoS released glycans (A, B, C, D, and E) and
PNGase F released glycans (F, G, H, I, and J) from serum IgG. Fragmented glycans are represented using Oxford glycan nomenclature (46) combined with the
color scheme of the Consortium for Functional Glycomics as previously implemented (20, 47). Fragments are labeled following the Domon and Costello
nomenclature (28). The spectrum shown in D contains a contribution from ions (particularly the ions at m/z 262, 424, and 951) derived from another adduct of
the glycan of composition Man3GlcNAc3 appearing at the same mass. Only partial separation of the ions from these compounds was achieved by ion mobility.
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EndoS in order to identify domains, which might influence
enzymatic activity. Bioinformatic analysis of the EndoS amino
acid sequence was carried out to search for structurally homol-
ogous domains and to help determine domain boundaries for
construct design. Using the full-length amino acid sequence of
EndoS as well as smaller sections of the sequence, the program
FUGUE revealed further insight into the potential domain
architecture of EndoS over and above a previously described
homology model (10) (Fig. 4A). FUGUE was able to identify
homologous structures for the majority of the amino acid
sequence where the top scoring solutions (judged by highest
Z-score) were all investigated. The top scoring solutions for the
N-terminal chitinase domain and the LRR were generated from
the same PDB entries that were recognized and used for the
previously constructed homology model of EndoS (10). In addi-
tion, FUGUE identified a region in the C terminus of EndoS that
has homology to a family of proteins called carbohydrate bind-
ing modules (CBMs) (for review, see Ref. 39). The final 100
residues of EndoS were unable to be assigned to any homolo-
gous structures using FUGUE.

To further investigate the putative CBM from EndoS, the
results of the FUGUE analysis were used to guide the position of
domain boundaries for the design of an isolated CBM con-
struct. Further constructs were made to contain both the pre-
dicted CBM and the C-terminal region of EndoS (CBM-CT)
and just the N-terminal chitinase and LRR portions of EndoS
(ChitLRR). Finally, a CBM deletion mutant was cloned to ascer-
tain the effect of removing this apparent domain from EndoS
(CBM-KO).

The constructs described were cloned into bacterial expres-
sion vectors and could all be expressed in the soluble fraction
using an E. coli expression system. Purification strategies for
each of the EndoS constructs were developed so that each of the
isolated domains could be purified to �95% purity as judged by
SDS-PAGE (Fig. 4B). Notably, expression of the CBM and
CBM-CT constructs gave pure protein yields of between 0.5
and 0.75 g per liter of culture.

Investigation of the secondary structure of the CBM and
CBM-CT fusion using CD supported the bioinformatics pre-
diction of a primarily �-sheet CBM in the C terminus of EndoS

FIGURE 3. Analysis of EndoS-released glycans from serum IgG and IgG fragments. HPLC analysis of fluorescently labeled glycans released from serum IgG
(A) and recombinantly expressed Fc (B), CH2-H (C), and CH2 (D) using EndoS (black) and sequential digest with EndoS then PNGase F (blue). Peaks were assigned
using negative ion electrospray ionization-MS/MS. Glycans that remained after digest with EndoS, which were then cleaved as a result of sequential digest with
PNGase F, are labeled using Oxford glycan nomenclature (46). The star denotes glycan with the composition Neu5Ac2Hex5GlcNAc4 (probably
Neu5Ac2Gal2GlcNAc2Man3GlcNAc2) that was present in too low a quantity for fragmentation analysis. Fluorescence is reported as relative fluorescence units
(RF).
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(Fig. 5 and Table 1). The CD analysis of the CBM-CT fusion
indicated the presence of �-helical secondary structure in addi-
tion to the predicted �-sheet conformation seen for the CBM
construct alone.

Analysis of CBM Monosaccharide Binding—To investigate
potential carbohydrate binding capacity of the CBM, we used
NMR spectroscopy to assess chemical shift perturbations of the
protein spectra upon titration of monosaccharides (Fig. 6). Iso-
topically 15N-labeled protein was expressed in minimal media
using an E. coli expression system. The labeled CBM protein
could be purified in an identical manner to the unlabeled sam-
ple for subsequent use in NMR spectroscopic measurements.
The CBM gave a dispersed 1H,15N HSQC spectrum indicative
of a folded domain, in support of both the results of the CD
experiments and the bioinformatics analysis.

A series of HSQC spectra was collected for the CBM in the
presence of increasing concentrations of monosaccharides.
When aligned against an untreated sample, chemical shift per-
turbations were apparent upon the addition of D-galactose.
Considering the large molar excess of monosaccharide used in
these experiments, L-fructose was used as a control to ascertain
if these changes were specific to D-galactose. It was apparent
that some of these perturbations to the spectra also occurred
with titration of L-fructose. However, four distinct peaks
appeared upon D-galactose titration, which were visible from
the lowest titration point. These peaks did not appear in the
L-fructose-treated sample and were not present in the
untreated sample.

Isothermal calorimetry was used to further investigate the
potential galactose binding ability of the CBM. Although an
endothermic change in enthalpy was evident upon titration of
galactose to the CBM, this change could be attributed to the
heat of dilution of the CBM sample in the cell, which displayed
a similar endothermic profile when PBS alone was added
(Fig. 7).

C-terminal Deletion Impairs EndoS Activity—Considering
the evidence for the presence of a CBM within EndoS, we

sought to assess whether deletion of this region had an effect
on EndoS activity. The EndoS truncations, CBM-KO and
ChitLRR, were incubated with human serum IgG to assess their
ability to cleave the glycans from the heavy chain of IgG. After
incubation of the reaction at 37 °C, the components were ana-
lyzed by reducing SDS-PAGE. A molecular weight shift of the
band representative of the IgG heavy chain was used to judge
the glycosylation state of the IgG. After a 1-h incubation, a

FIGURE 4. EndoS domain architecture and purification of EndoS fragments. The 995-amino acid sequence of EndoS is depicted as a black line with the
domains annotated as blue rectangles, as identified by FUGUE analysis of the EndoS amino acid sequence. The model of the chitinase domain spans residues
48 –500 and is based on an alignment of PDB accession numbers 1D2K, 1EDQ, 1E15, and 1E91 with a Z-score of 17.70. The LRR model includes residues 446 –745
and is based on an alignment against PDB accession number 1M9S with a Z-score of 14.40. Finally, the CBM spans residues 771–924 where the model is based
on an alignment to PDB accession numbers 1EUU and 1GOF and has a Z-score of 10.24. FUGUE was unable to detect any homologous structure to the CT region
of EndoS from residues 925–995 (A). SDS-PAGE analysis of EndoS fragments after purification is shown (B).

FIGURE 5. Circular dichroism of the EndoS CBM and CBM-CT fragments.
Data are shown for circular dichroism measurements taken for CBM (blue) and
CBM-CT (black) between 190 –240 nm.

TABLE 1
Analysis of CD spectra using CDSSTR
Deconvoluted data used CDSSTR (48) and are represented as a percentage of total
protein.

Sample Helix Strand Turns Unordered NRMSDa

CBM-CT 40 20 16 24 0.015
CBM 5 44 23 28 0.019

a Normalized root mean square deviation (NRMSD) between experimental
spectrum and the spectrum calculated using CDSSTR parameters.
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reduction in molecular mass (�3 kDa) of the IgG heavy chain
band could be seen for the EndoS-treated sample when com-
pared with the untreated IgG sample. At this 1-h time point,
both the CBM-KO and ChitLRR-treated samples revealed the
presence of two bands for the IgG heavy chain (Fig. 8A, left
panel). Glycan analysis of the upper band from these reactions
(Fig. 8B) revealed that both CBM-KO and ChitLRR left a resid-
ual population of bisected glycans at this time point in addition
to the di-sialylated glycans, which also remain uncleaved by
full-length EndoS after 24 h (Fig. 3A). When compared with
CBM-KO, ChitLRR left an additional population of complex
glycans uncleaved after 1 h.

Upon longer incubation, it was apparent that these truncated
forms of EndoS were able to produce an SDS-PAGE profile
similar to full-length EndoS. This could be seen 12 h after the
digestion was initiated (Fig. 8A, right panel). Here, a single band
for the IgG heavy chain was present for both CBM-KO- and
ChitLRR-treated samples, which ran at a lower apparent
molecular mass compared with untreated IgG sample.

DISCUSSION

Glycan Analysis of IgG Fragments—EndoS is a glycoside
hydrolase secreted by S. pyogenes during infection. In addition

to its apparent contribution to immune evasion by S. pyogenes,
it is of interest as a tool for treatment of immunological diseases
(for review, see Ref. 13) as a transglycosidase (7) and as a tool for
enhancing specific antibody-receptor interactions (5, 49). We
aimed to investigate the activity of EndoS against IgG to better
understand the interaction between these two molecules to
maximize the potential of EndoS in these applications.

Initially, we sought to determine a minimal IgG substrate
unit from which EndoS was able to cleave glycans and, as such,
developed a number of mammalian expressed fragments of
human IgG1. Fragments Fc, CH2-H and CH2 could all be
expressed in the soluble fraction. All fragments were glycosy-
lated, although the levels of glycan processing were different
between all fragments. This suggested an effect of quaternary
structure on glycan processing for these IgG fragments. In par-
ticular, the high proportion of digalactosylated glycans in the
isolated CH2 fragment echoes that seen in previous analysis of
truncated IgG domains of IgG expressed in Chinese hamster
ovary cells (40). The presence of hybrid glycan species in the
CH2-H fragment and in the CH2 fragment was indicative that
these protein structures were changing the accessibility of the
N-linked glycans to Golgi �-mannosidase II.

FIGURE 6. NMR analysis of the CBM in the presence of monosaccharides. A magnified region of the 15N HSQC spectra is shown for the untreated CBM (black)
and the CBM titrated with 1 M D-galactose (red) or 1 M L-fructose (blue). The four peaks, which are unique to the D-galactose-treated sample, are indicated by
black boxes (A). The complete 15N HSQC spectra for untreated CBM (black) and CBM with 1 M D-galactose (red) show nonspecific chemical shift perturbations
upon the addition of D-galactose (B) with a magnification of one such example over the titration points of 0 mM, 62.5 mM, 125 mM, 250 mM, 500 mM, 1 M, and 2
M D-galactose.

FIGURE 7. Isothermal calorimetry titrations of the CBM with D-galactose. The left-hand panels indicate the raw data collected during titration of the CBM
with D-galactose. The right-hand panels show the corresponding enthalpy changes of the integrated peaks plotted as the change in kcal/mole of injectant (PBS
or D-galactose) versus the molar ratio of CBM to D-galactose. The titration of D-galactose into PBS shows a negligible exothermic change in enthalpy attributable
to the heat of dilution of the D-galactose solution into PBS (A). The titration of D-galactose into a solution of CBM gives endothermic changes in enthalpy at each
injection point (B). The titration of PBS into a solution of CBM also shows endothermic changes in enthalpy at each injection point, comparable to those that
occur upon the addition of D-galactose (C). None of the titrations give an isotherm curve indicative of a binding event (right-hand panels).
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Using these glycosylated IgG fragments, we were able show
that EndoS could cleave the glycans from each of these frag-
ments including the isolated CH2 domain from IgG. In all cases,
EndoS could cleave the majority of the glycans from each of the
constructs, which suggested that the Fab region of IgG and the
CH3 domains of IgG Fc were dispensable for EndoS activity
against IgG. Looking at the CH2 domain in isolation, EndoS was
again able to cleave glycans from this construct, which sug-
gested that dimerization of the IgG Fc region as well as the
hinge of IgG were not required for EndoS to deglycosylate IgG.
Despite this, it appeared that the CH3 region and dimerization
may influence the activity of EndoS against IgG. Looking at
CH2-H and CH2 deglycosylation, it was apparent that more
residual glycans were left on the protein scaffold after a 24-h
incubation with EndoS when compared with Fc or serum IgG.
However, this reduction in deglycosylation efficiency could be
due to minor conformational changes or folding of the sub-
strate due to expression of these domains in isolation. In addi-
tion, because the glycans were not of exactly the same compo-
sition on all expressed fragments, it was not possible to directly
compare rates of deglycosylation. Furthermore, although com-
plex bisected biantennary glycans could be cleaved by EndoS, it
appeared that EndoS had reduced activity against these glycans
compared with complex biantennary types. This was more
apparent in the case of CH2-H and CH2 compared with Fc and
IgG and was supportive of the notion that the CH3 and heavy
chain dimerization may influence activity, respectively. EndoS
was also less active against the bisected triantennary or tetraan-
tennary glycan types present on CH2-H and CH2. In a recent
study of human plasma-derived IgG, these glycans were not
present (41), suggesting EndoS has developed some specificity
for solely glycans expressed on human serum IgG.

In the context of S. pyogenes infection, IgG is likely to
encounter a number of proteolytic and glycolytic enzymes

including SpeB, IdeS, and EndoS2 (8, 9). The fact that EndoS
appears to have activity on fragments of IgG, which do not
contain either the hinge or Fab region, suggests that EndoS
could continue to act on fragments produced by IdeS and SpeB
cleavage. EndoS ability to act on these fragments may further com-
pound the immune evasion strategy of S. pyogenes.

Putting this information together, it is of interest how EndoS
maintains an apparent specificity for IgG given its ability to
cleave the glycan from such a reduced protein scaffold. It is
possible that its multidomain architecture may sterically hinder
EndoS from cleaving other Ig substrates or simply that the sub-
tle differences in the CH2 region of IgG alone are responsible
for distinguishing this substrate of EndoS from other Ig classes.

EndoS Domain Architecture—To investigate components of
EndoS that might be important for the IgG-EndoS interaction
we analyzed the sequence of EndoS using the program FUGUE.
FUGUE utilizes primary amino acid sequence to identify struc-
turally homologous proteins and can be used to produce model
outputs of tertiary structure based on alignments to recognize
structural homologues (29). FUGUE was successful in recog-
nizing the glycoside hydrolase family 18 chitinase domain in the
N-terminal region of the protein. In addition, it was able to
locate the LRR directly downstream of the chitinase domain.
Both of these domains have been previously discussed in con-
text of their homologous domains and will not be discussed
here (10).

In addition to these two regions, a further region was identi-
fied to have homology to CBM family 32. The CBM32 family
has been shown to bind monosaccharides and disaccharides
found at the termini of mammalian N-linked glycans (for
review, see Ref.42). The putative CBM from EndoS showed
homology to the galactose binding domain of a sialidase from
Micromonospora viridifaciens (43) and the galactose binding
domain of galactose oxidase from Dactylium dendroides (44).

FIGURE 8. Deletion of the CBM or C-terminal region of EndoS affects glycoside hydrolase activity against serum IgG. SDS-PAGE analysis of the reaction
components of enzymatic digest of serum IgG with EndoS or EndoS domains as denoted above each lane of the SDS-PAGE gel, where M indicates the molecular
weight marker. The left panel shows the SDS-PAGE analysis after a 1-h incubation at 37 °C of IgG with the EndoS domains. The right panel shows the reactions
analyzed in an identical manner after 12 h of incubation at 37 °C. The arrows to the right of both panels indicate the position of the upper (glycosylated) and lower
(deglycosylated) bands representative of the heavy chain of serum IgG (A). HPLC analysis of residual serum IgG glycan species present after a 1-h incubation
with either CBM-KO and ChitLRR. Chromatograms were normalized to the glycan peak at 22 min (B). RF, relative fluorescence units.
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Both of these CBM domains have been shown to bind galactose,
as their name suggests, with mM affinity. This low affinity bind-
ing of CBMs to carbohydrate moieties is typical for this family
of proteins (39). The function of this domain in these homo-
logues is likely to aid avidity and selectivity of the enzyme. In the
case of EndoS, a CBM could indeed aid the function of the
enzyme and may be responsible for conferring specificity to IgG
glycans. In addition to these two galactose binding domains,
another homologue identified was the CBM32 domain of the
endo-�-1,4-N-acetylglucosaminidase. Endo-�-1,4-N-acetyl-
glucosaminidase is produced by the related bacteria Streptococ-
cus pneumonia, which can cleave some oligomannose-type
glycans, such as Man5– 4GlcNAc2, and paucimannose-type
structures such as Man3GlcNAc2 (45). A ligand for this CBM
could not be identified, but structural features of the putative
binding site suggested its function could involve both substrate
capture and adhesion of S. pneumonia to host tissue via carbo-
hydrates. Considering the role of these homologous proteins, it
is suggested here that if EndoS does indeed contain a CBM, it is
likely to aid in substrate recognition and enzyme avidity thus
contributing to EndoS function.

Having identified this putative domain, we were able to clone
and express a soluble form of the proposed CBM in isolation.
Analysis by CD revealed the domain as containing primarily
�-sheet structure with a large proportion of loops and turns,
supportive of the bioinformatics assignment of this region as a
CBM. In addition, analysis of the CBM by NMR gave a dis-
persed 1H,15N HSQC spectrum indicative of a folded domain.
NMR titrations with monosaccharides indicated possible
monosaccharide binding capabilities, manifested as the appear-
ance of new peaks; however, isothermal calorimetry titration
experiments could not detect measurable binding of D-galac-
tose to the CBM assuming a Kd of 1 mM. Although the D-galac-
tose-induced peak appearances in the HSQC spectra are indic-
ative of a specific interaction, the inability to detect an
interaction via isothermal calorimetry titration suggests that
any interaction is low affinity, as is typical of CBMs (39). Alter-
natively, these peaks may arise as an artifact of the large molar
excess of D-galactose used in NMR titrations. However, consid-
ering these peaks were not evident in either the D-galactose only
(data not shown) or the L-fructose CBM control experiments, it
is conceivable the CBM can specifically bind monosaccharides,
but with low affinity. Overall, further investigation is required
to consolidate the observations seen in these experiments and
to determine the ligands of the EndoS CBM.

C-terminal Deletion Impairs EndoS Activity—To assess the
possible effects of the CBM on EndoS activity, we designed
truncations where this region was deleted entirely (CBM-KO)
and where both the CBM and CT regions were truncated
(ChitLRR). These constructs could both be expressed and puri-
fied as soluble proteins. Upon deletion of either the CBM or the
CBM and CT regions, EndoS exhibited a difference in activity
against serum IgG when compared with full-length EndoS.
Using SDS-PAGE to assess serum IgG digested with the various
constructs, we found that where EndoS could produce a single
band representative of the deglycosylated heavy chain of IgG,
CBM-KO and ChitLRR produced two bands, indicative of both
deglycosylated and glycosylated forms of IgG heavy chain pres-

ent in the reaction mixtures. After further incubation, it was
apparent that both CBM-KO and ChitLRR could deglycosylate
IgG to a comparable level to that achieved by EndoS. HPLC
analysis of the glycans, which remained on IgG after a 1-h incu-
bation with these constructs, revealed residual populations
comprising primarily bisected glycans. This observation per-
haps indicates a role of the C-terminal region in IgG avidity,
which allows these potentially more resilient glycoforms to be
cleaved.

In conjunction with the analysis of the isolated CBM and
CBM-CT domains, the results of these experiments suggest
that the C-terminal region of EndoS contributes to its activity.
This contribution is likely to occur via a CBM; however, it can-
not be ruled out that the CT also contributes to EndoS function.
Indeed, the data presented here suggest that the CT contributes
further activity to EndoS based on the differences seen between
the specificity and activity of CBM-KO and ChitLRR against
serum IgG glycans.

It is possible that deletion of the CBM domain in CBM-KO
could disrupt function due to a change in overall protein archi-
tecture rather than a loss of CBM function. However, consid-
ering the expressed CBM-KO and ChitLRR are both soluble
and still exhibit glycoside hydrolase activity, it is suggestive of
both constructs being correctly folded and that the CBM and
CT region of EndoS do in fact have a role in activity against IgG.

Understanding the specificity and mechanism of any com-
pound to be used for clinical applications is of upmost impor-
tance to safety and efficiency. Therefore, understanding the
interaction of EndoS with IgG and the contributions of each
required to elicit activity and specificity is of use if EndoS is to be
used for the discussed applications. Here, we demonstrated
that EndoS did not require the Fab or CH3 domains of IgG to
exhibit glycoside hydrolase activity against the CH2 domain of
IgG. We were also able to identify a CBM in the C-terminal
region of EndoS that showed a potential for low affinity binding
to D-galactose. Finally, we were able to show that deletion of the
C-terminal region of EndoS, including this CBM, causes a
reduction in activity of EndoS against serum IgG. Overall, these
studies have contributed to the characterization of the impor-
tant and useful interaction of EndoS with IgG.

Acknowledgments—We acknowledge Chris Scanlan who passed away
after a short battle with cancer in May 2013. He was a much valued
and admired friend and colleague. We thank Prof. Raymond A. Dwek
FRS, Dr. Mark Wormald, and Dr. Weston Struwe for support and
helpful discussions. We thank Dr. David Staunton of the Molecular
Biophysics Suite and John Beale for technical support. We also thank
the International AIDS Vaccine Initiative for an equipment grant to
purchase the Shimadzu-Kratos TOF2 mass spectrometer.

REFERENCES
1. Collin, M. (2001) EndoS, a novel secreted protein from Streptococcus pyo-

genes with endoglycosidase activity on human IgG. EMBO J. 20,
3046 –3055

2. Nimmerjahn, F., and Ravetch, J. V. (2010) Antibody-mediated modulation
of immune responses. Immunol. Rev. 236, 265–275

3. Nose, M., and Wigzell, H. (1983) Biological significance of carbohydrate
chains on monoclonal antibodies. Proc. Natl. Acad. Sci. U.S.A. 80,
6632– 6636

Mechanism of EndoS Deactivation of IgG

MAY 16, 2014 • VOLUME 289 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 13887



4. Borrok, M. J., Jung, S. T., Kang, T. H., Monzingo, A. F., and Georgiou, G.
(2012) Revisiting the role of glycosylation in the structure of human IgG
Fc. ACS Chem. Biol. 7, 1596 –1602

5. Baruah, K., Bowden, T. A., Krishna, B. A., Dwek, R. A., Crispin, M., and
Scanlan, C. N. (2012) Selective deactivation of serum IgG: a general strat-
egy for the enhancement of monoclonal antibody receptor interactions. J.
Mol. Biol. 420, 1–7

6. Collin, M., Svensson, M. D., Sjöholm, A. G., Jensenius, J. C., Sjöbring, U.,
and Olsén, A. (2002) EndoS and SpeB from Streptococcus pyogenes inhibit
immunoglobulin-mediated opsonophagocytosis. Infect. Immun. 70,
6646 – 6651

7. Goodfellow, J. J., Baruah, K., Yamamoto, K., Bonomelli, C., Krishna, B.,
Harvey, D. J., Crispin, M., Scanlan, C. N., and Davis, B. G. (2012) An
endoglycosidase with alternative glycan specificity allows broadened gly-
coprotein remodelling. J. Am. Chem. Soc. 134, 8030 – 8033

8. von Pawel-Rammingen, U., and Björck, L. (2003) IdeS and SpeB: immu-
noglobulin-degrading cysteine proteinases of Streptococcus pyogenes.
Curr. Opin. Microbiol. 6, 50 –55

9. Sjögren, J., Struwe, W. B., Cosgrave, E. F., Rudd, P. M., Stervander, M.,
Allhorn, M., Hollands, A., Nizet, V., and Collin, M. (2013) EndoS2 is a
unique and conserved enzyme of serotype M49 group A Streptococcus
that hydrolyses N-linked glycans on IgG and �1-acid glycoprotein.
Biochem. J. 455, 107–118

10. Allhorn, M., Olsén, A., and Collin, M. (2008) EndoS from Streptococcus
pyogenes is hydrolyzed by the cysteine proteinase SpeB and requires glu-
tamic acid 235 and tryptophans for IgG glycan-hydrolyzing activity. BMC
Microbiol. 8, 3

11. Yang, R., Otten, M. A., Hellmark, T., Collin, M., Björck, L., Zhao, M.-H.,
Daha, M. R., and Segelmark, M. (2010) Successful treatment of experi-
mental glomerulonephritis with IdeS and EndoS, IgG-degrading strepto-
coccal enzymes. Nephrol. Dial. Transplant. 25, 2479 –2486

12. Nandakumar, K. S., Collin, M., Olsén, A., Nimmerjahn, F., Blom, A. M.,
Ravetch, J. V., and Holmdahl, R. (2007) Endoglycosidase treatment abro-
gates IgG arthritogenicity: importance of IgG glycosylation in arthritis.
Eur. J. Immunol. 37, 2973–2982

13. Collin, M. (2012) EndoS, a “drug from a bug” as a novel treatment for
autoimmunity of the blood. ISBT Science Series 7, 142–145

14. Crispin, M. (2013) Therapeutic potential of deglycosylated antibodies.
Proc. Natl. Acad. Sci. U.S.A. 110, 10059 –10060

15. Nandakumar, K. S., Johansson, B. P., Björck, L., and Holmdahl, R. (2007)
Blocking of experimental arthritis by cleavage of IgG antibodies in vivo.
Arthritis Rheum. 56, 3253–3260

16. Nandakumar, K. S., Collin, M., Happonen, K. E., Croxford, A. M., Lund-
ström, S. L., Zubarev, R. A., Rowley, M. J., Blom, A. M., and Holmdahl, R.
(2013) Dominant suppression of inflammation by glycan-hydrolyzed IgG.
Proc. Natl. Acad. Sci. U.S.A. 110, 10252–10257

17. Lood, C., Allhorn, M., Lood, R., Gullstrand, B., Olin, A. I., Rönnblom, L.,
Truedsson, L., Collin, M., and Bengtsson, A. A. (2012) IgG glycan hydro-
lysis by endoglycosidase S diminishes the proinflammatory properties of
immune complexes from patients with systemic lupus erythematosus: a
possible new treatment? Arthritis Rheum. 64, 2698 –2706

18. Kobe, B., and Kajava, A. V. (2001) The leucine-rich repeat as a protein
recognition motif. Curr. Opin. Struct. Biol. 11, 725–732

19. Collin, M., and Olsén, A. (2001) Effect of SpeB and EndoS from Strepto-
coccus pyogenes on human immunoglobulins. Infect. Immun. 69,
7187–7189

20. Yu, X., Baruah, K., Harvey, D. J., Vasiljevic, S., Alonzi, D. S., Song, B.-D.,
Higgins, M. K., Bowden, T. A., Scanlan, C. N., and Crispin, M. (2013)
Engineering hydrophobic protein-carbohydrate interactions to fine-tune
monoclonal antibodies. J. Am. Chem. Soc. 135, 9723–9732

21. Aricescu, A. R., Lu, W., and Jones, E. Y. (2006) A time- and cost-efficient
system for high-level protein production in mammalian cells. Acta Crys-
tallogr D. Biol. Crystallogr 62, 1243–1250

22. Studier, F. W. (2005) Protein production by auto-induction in high density
shaking cultures. Protein Expr. Purif. 41, 207–234

23. Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K., Gartner, F. H.,
Provenzano, M. D., Fujimoto, E. K., Goeke, N. M., Olson, B. J., and Klenk,
D. C. (1985) Measurement of protein using bicinchoninic acid. Anal.

Biochem. 150, 76 – 85
24. Küster, B., Wheeler, S. F., Hunter, A. P., Dwek, R. A., and Harvey, D. J.

(1997) Sequencing of N-linked oligosaccharides directly from protein gels:
in-gel deglycosylation followed by matrix-assisted laser desorption/ioni-
zation mass spectrometry and normal-phase high-performance liquid
chromatography. Anal. Biochem. 250, 82–101

25. Harvey, D. J., Royle, L., Radcliffe, C. M., Rudd, P. M., and Dwek, R. A.
(2008) Structural and quantitative analysis of N-linked glycans by matrix-
assisted laser desorption ionization and negative ion nanospray mass
spectrometry. Anal. Biochem. 376, 44 – 60

26. Bornsen, K. O., Mohr, M. D., and Widmer, H. M. (1995) Ion exchange and
purification of carbohydrates on a nafion membrane as a new sample
pretreatment for matrix-assisted laser desorption/ionization mass spec-
trometry. Rapid Commun. Mass Spectrom. 9, 1031–1034

27. Harvey, D. J., Scarff, C. A., Edgeworth, M., Crispin, M., Scanlan, C. N.,
Sobott, F., Allman, S., Baruah, K., Pritchard, L., and Scrivens, J. H. (2013)
Travelling wave ion mobility and negative ion fragmentation for the struc-
tural determination of N-linked glycans. Electrophoresis 34, 2368 –2378

28. Domon, B., and Costello, C. E. (1988) A systematic nomenclature for
carbohydrate fragmentations in FAB-MS/MS spectra of glycoconjugates.
Glycoconj. J. 397– 409

29. Shi, J., Blundell, T. L., and Mizuguchi, K. (2001) FUGUE: sequence-struc-
ture homology recognition using environment-specific substitution tables
and structure-dependent gap penalties. J. Mol. Biol. 310, 243–257

30. Humphrey, W., Dalke, A., and Schulten, K. (1996) VMD: visual molecular
dynamics. J. Mol. Graph. 14, 33–38

31. Gasteiger, E., Hoogland, C., Gattiker, A., Duvaud, S., Wilkins, M. R., Appel,
R. D., and Bairoch, A. (2005) in The Proteomics Protocols Handbook, pp.
571– 607, Humana Press, Totowa, NJ

32. Pace, C. N., Vajdos, F., Fee, L., Grimsley, G., and Gray, T. (1995) How to
measure and predict the molar absorption coefficient of a protein. Protein
Sci. 4, 2411–2423

33. Edelhoch, H. (1967) Spectroscopic determination of tryptophan and tyro-
sine in proteins. Biochemistry 6, 1948 –1954

34. Gill, S. C., and von Hippel, P. H. (1989) Calculation of protein extinction
coefficients from amino acid sequence data. Anal. Biochem. 182, 319 –326

35. Savitzky, A., and Golay, M. J. E. (1964) Smoothing and differentiation of
data by simplified least squares procedures. Anal. Chem. 36, 1627–1639

36. Whitmore, L., and Wallace, B. A. (2004) DICHROWEB, an online server
for protein secondary structure analyses from circular dichroism spectro-
scopic data. Nucleic Acids Res. 32, W668 –W673

37. Delaglio, F., Grzesiek, S., Vuister, G. W., Zhu, G., Pfeifer, J., and Bax, A.
(1995) NMRPipe: a multidimensional spectral processing system based on
UNIX pipes. J Biomol NMR 6, 277–293

38. Vranken, W. F., Boucher, W., Stevens, T. J., Fogh, R. H., Pajon, A., Llinas,
M., Ulrich, E. L., Markley, J. L., Ionides, J., and Laue, E. D. (2005) The
CCPN data model for NMR spectroscopy: development of a software
pipeline. Proteins 59, 687– 696

39. Boraston, A. B., Bolam, D. N., Gilbert, H. J., and Davies, G. J. (2004) Car-
bohydrate-binding modules: fine-tuning polysaccharide recognition.
Biochem. J. 382, 769 –781

40. Lund, J., Takahashi, N., Popplewell, A., Goodall, M., Pound, J. D., Tyler, R.,
King, D. J., and Jefferis, R. (2000) Expression and characterization of trun-
cated forms of humanized L243 IgG1. Architectural features can influence
synthesis of its oligosaccharide chains and affect superoxide production
triggered through human Fc� receptor I. FEBS J. 267, 7246 –7257

41. Anumula, K. R. (2012) Quantitative glycan profiling of normal human
plasma derived immunoglobulin and its fragments Fab and Fc. J. Immunol.
Methods 382, 167–176

42. Ficko-Blean, E., and Boraston, A. B. (2012) Insights into the recognition of
the human glycome by microbial carbohydrate-binding modules. Curr.
Opin. Struct. Biol. 22, 570 –577

43. Newstead, S. L., Watson, J. N., Bennet, A. J., and Taylor, G. (2005) Galac-
tose recognition by the carbohydrate-binding module of a bacterial siali-
dase. Acta Crystallogr. D Biol. Crystallogr. 61, 1483–1491

44. Ito, N., Phillips, S. E., Stevens, C., Ogel, Z. B., McPherson, M. J., Keen, J. N.,
Yadav, K. D., and Knowles, P. F. (1991) Novel thioether bond revealed by
a 1.7 Å crystal structure of galactose oxidase. Nature 350, 87–90

Mechanism of EndoS Deactivation of IgG

13888 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 20 • MAY 16, 2014



45. Abbott, D. W., Macauley, M. S., Vocadlo, D. J., and Boraston, A. B. (2009)
Streptococcus pneumoniae Endohexosaminidase D, structural, and mech-
anistic insight into substrate-assisted catalysis in family 85 glycoside hy-
drolases. J. Biol. Chem. 284, 11676 –11689

46. Harvey, D. J., Merry, A. H., Royle, L., Campbell, M. P., Dwek, R. A., and
Rudd, P. M. (2009) Proposal for a standard system for drawing structural
diagrams of N- and O-linked carbohydrates and related compounds. Pro-
teomics 9, 3796 –3801

47. Bowden, T. A., Baruah, K., Coles, C. H., Harvey, D. J., Yu, X., Song, B.-D.,

Stuart, D. I., Aricescu, A. R., Scanlan, C. N., Jones, E. Y., and Crispin, M. (2012)
Chemical and structural analysis of an antibody folding intermediate trapped
during glycan biosynthesis. J. Am. Chem. Soc. 134, 17554–17563

48. Compton, L. A., and Johnson, W. C., Jr. (1986) Analysis of protein circular
dichroism spectra for secondary structure using a simple matrix multipli-
cation. Anal. Biochem. 155, 155–167

49. Huang, W., Giddens, J., Fan, S.-Q., Toonstra, C., and Wang, L.-X. (2012)
Chemoenzymatic glycoengineering of intact IgG antibodies for gain func-
tions. J. Am. Chem. Soc. 134, 8030 – 8033

Mechanism of EndoS Deactivation of IgG

MAY 16, 2014 • VOLUME 289 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 13889


