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Corynebacterium diphtheriae clade species secrete single-domain endo-3-V-
acetylglucosaminidases (ENGases) that specifically bind to human IgG anti-
bodies and hydrolyze their N297-linked glycans. Here, we define the molecular
mechanisms of IgG-specific deglycosylation for the entire family of cor-
ynebacterial IgG-specific ENGases, including but not limited to CU43 and
CM49. By solving the crystal structure of CU43 in a 1:1 complex with the IgG1 Fc
region, combined with targeted and saturation mutagenesis analysis and
activity measurements using engineered antibodies, we establish an inter-
protomeric mechanism of recognition and deglycosylation of IgG antibodies.
Using in silico modeling, small-angle X-ray scattering and saturation muta-
genesis we determine that CM49 uses a unique binding site on the Fc region, to
process N297-linked glycans. Moreover, we demonstrate that CU43 treatment
is highly effective in abrogating Fc effector functions in humanized mouse
models, while preserving the neutralizing capacity of anti-influenza IgG anti-
bodies, thereby conferring protection against lethal influenza challenge.

Nearly all Endo-f3-N-acetylglucosaminidases (endoglycosidases, ENGa-  hydrolyze only the N297-linked glycan on the fragment crystallizable
ses) recognize and hydrolyze the p-1,4 linkage between the first two  (Fc) region of IgG antibodies’. This glycan serves as the major mole-
N-acetylglucosamine (GIcNAc) saccharides of asparagine-linked gly- cular determinant for Fc y receptor (FcyR) binding and its presence
cans on their glycoprotein substrates (EC 3.2.1.96) strictly through and chemical composition dictate antibody-mediated effector
glycan-specific mechanisms'™. However, there exist rare ENGases that  functions®’. Consequently, the activity of IgG-specific ENGases
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suppresses the immune response and, thus, some pathogenic bacteria
secrete these IgG-specific ENGases to evade the host immune
response, enhancing bacterial survival and virulence®.

We previously defined the structural determinants governing
N-glycan specificities of the streptococcal multi-domain IgG-specific
ENGases EndoS, which hydrolyzes only biantennary complex-type
N-glycans, and EndoS2, which hydrolyzes complex-type, hybrid and
high-mannose N-glycans®". We and others have also described the
molecular mechanism of recognition and specificity by EndoS and
EndoS2 for IgG antibodies, revealing how these enzymes exclusively
process the N-glycan on the Fc region of IgG. These studies also
highlighted the requirement of a non-enzymatic f3-sandwich domain to
create an anchor point on the IgG substrate by forming a protein-
protein interaction'®™,

Corynebacterium pseudotuberculosis secretes CP40, a 40kDa
protein identified as a protective antigen against ovine caseous lym-
phadenitis that was erroneously described as a serine protease® but
subsequently characterized as an ENGase capable of hydrolyzing
N-glycans on human IgG antibodies'®. More recently, we identified a
family of single-domain ENGases secreted by different pathogenic
corynebacterial species that exhibit strict specificity for the N297-
linked glycan on human IgG antibodies, including CP40. We demon-
strated potent in vivo efficacy of a prototypical member of this
IgG-specific ENGase family, known as CU43, in mitigating diverse
pathologies that rely on IgG-mediated effector functions, including the
prevention of CD4 + T cell and B cell depletion, autoimmune hemolytic
anemia, and antibody-dependent enhancement in severe dengue
disease”. However, the precise molecular mechanism by which cor-
ynebacterial IgG-specific ENGases hydrolyze N-glycans exclusively on
IgG antibody substrates is yet unknown.

In this work, we unveil the catalytic mechanisms of the entire
family of IgG-specific ENGases secreted by pathogenic corynebacterial
species with strict specificity for deglycosylation of human IgG anti-
bodies. We show that these ENGases can be further classified into
subfamilies, each of which exhibits a distinct molecular mechanism of
action. Additionally, we show that CU43 deglycosylates IgG antibodies
through an inter-protomer mechanism by binding to one Fc protomer
to hydrolyze the N297-linked glycan on the opposite Fc protomer,
contrasting the intra-protomer deglycosylation mechanism employed
by the Streptococcal IgG-specific ENGases. Finally, we demonstrate in a
humanized mouse model of lethal influenza infection that IgG degly-
cosylation by CU43 preserves the protective neutralization capacity of
an anti-flu broadly neutralizing antibody, unlike the IgG degrader
therapeutic Efgartigimod. Our insights into the molecular mechanisms
by which corynebacterial IgG-specific ENGases hydrolyze Fc glycans
will guide their development as therapeutics for antibody-mediated
diseases in humans.

Results

CU43 forms a complex with the Fc region with 1:1 stoichiometry
We previously showed that the single-domain IgG-specific ENGase
CU43 (Fig. 1a) is able to interact specifically with both protein and
glycan components of the Fc region human IgG antibodies and that it
could bind to aglycosylated IgG, indicative of a direct protein-protein
interaction between CU43 and Fc". In order to evaluate the formation
of a protein complex between CU43 and Fc and its stoichiometry, we
incubated catalytically-inactive CU43 (CU43i, containing a D187A-
E189A double mutation to abolish hydrolytic activity) with the Fc
region of human IgGl (with biantennary complex-type (CT) N-glycans
linked to N297)) in a 2:1 (CU43i:Fc) molar ratio and evaluated complex
formation by size exclusion chromatography (SEC; Supplementary
Fig. 1a and Supplementary Table 1) and SEC-multiple angle light scat-
tering (MALS; Fig. 1b). As shown in Fig. 1b, we observed the formation
of a 1:1 CU43i:Fc-CT complex; SDS-PAGE analysis of the SEC column
fractions clearly showed the co-elution of CU43 and Fc. We validated

the 1:1 stoichiometry of the CU43-Fc complex by mass photometry
(Supplementary Fig. 1b) and analytical ultracentrifugation (AUC)
(Fig. 1c). Using these techniques, we estimated molecular weight of the
CU43i-Fc complex of 88-93 kDa, similar to the 98 kDa predicted by
combining the amino acid sequences of the individual proteins.
Overall, these data are consistent with the binding of CU43i to Fc at a
ratio of one CU43i molecule per Fc dimer. We also performed small-
angle X-ray scattering (SAXS) with in-line SEC (Fig. 1d-f, Supplementary
Table 1) and reconstructed ab initio envelopes for Fc region (Fig. 1g),
CU43i (Fig. 1h) and the CU43i:Fc-CT complex (Fig. 1i). For the complex,
we calculated a molecular weight of 99.9 kDa and fitted an AlphaFold3
(AF3) model of the CU43i-Fc complex into the SAXS envelope (Fig. 1i).

Structural basis of IgG-specific deglycosylation by CU43

We combined CU43i in a 1:1 molar ratio with the E382S IgGl Fc variant
that disfavors crystal packing interactions that would lead to Fc self-
crystallization®, purified the resulting complex by SEC (Supplementary
Fig. 1a) and obtained crystals of the CU43i-Fct** complex. We deter-
mined the structure by molecular replacement methods, using CU43i
(PDB code: 8UEN) and Fc region (PDB code: 5JIH) structures as search
models, to an overall resolution of 3.6 A (Supplementary Table 2). In
the structure of the CU43i-Fc™** complex, CU43i binds to one pro-
tomer of the Fc region by forming a protein-protein interface with
residues from the top of the CH2 domain of that Fc protomer, as well as
those in the lower hinge region (Fig. 2a). In this binding mode, CU43i
engages the Fc homodimer asymmetrically, positioned to deglycosy-
late the Fc protomer opposite to which it binds by what would be an
inter-protomer mechanism glycan hydrolysis (Fig. 2b). Docking of the
N-glycan GOF into the protein structure was performed to facilitate
mechanistic interpretation (Fig. 2a-b). The 1:1 stoichiometry of the
CU43i:Fc®% homodimer that we observed in the crystal structure is
consistent with our AUC, SEC-MALS, SEC-SAXS and mass photometry
analyses (Fig. 1 and Supplementary Fig. 1b). Throughout our crystal
structure, the electron density is heterogeneous. We observed unam-
biguous electron density for the entire CU43i molecule, the entire Fc
protomer to which it forms a protein-protein interface (involving FG-
loop residues from Fc and at least six residues of CU43 located less
than 4 A apart) (Fig. 2a-c and Supplementary Fig. 2), as well as the
opposite Fc protomer from its C-terminus through the interface
between its CH2 and CH3 domains. The electron density gets
increasingly less interpretable through the CH2 domain of the
unbound Fc protomer. The quality of the electron density is reflected
in the crystallographic B-factors throughout the structure of the
CU43i-Fc®3% complex (Fig. 2d), likely attributable to the high solvent
content in the crystal (-65%) and the crystal packing that could allow
asymmetrical flexibility of Fc protomers (Supplementary Fig. 3). We
were able to fit the CU43-Fc complex structure in the SAXS envelope,
indicating that the low-resolution ab-initio structure obtained in
solution is in clear agreement with the crystal structure (Supplemen-
tary Fig. 4). Analysis of the electrostatic potential of the solvent
accessible molecular surfaces of both CU43i and the Fc region reveals
that a highly positively charged patch on the CU43i surface is juxta-
posed to the highly negatively charged tip of the CH2 region of the
bound Fc protomer to form the protein-protein interface (Fig. 2e),
suggesting that CU43i engages the Fc region by an electrostatic
steering mechanism. Indeed, using mass photometry, we found the
formation of CU43i-Fc®** complex to be highly sensitive to high salt
concentrations (Supplementary Fig. 5).

Targeted and saturation mutagenesis corroborates the IgG-
specific deglycosylation mechanism of CU43

To test whether protein-protein and protein-glycan interactions con-
tribute to the enzymatic activity of CU43, we mutated key residues at
both CU43 and the Fc region, individually or in combination, and
measured the enzymatic activities of the resulting variants (Fig. 3a and
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Supplementary Fig. 6). This mutagenesis analysis corroborates the
protein-protein and glycan binding site interfaces of the CU43-Fc
complex and indicates that the CU43i-Fc™* protein-protein interface
observed in the crystal structure is critical for the enzymatic activity of
CU43. In particular, mutation to alanine of the CU43 residues
44-SPGQ-47 or R200-W201-R204, which make direct protein-protein
contacts to the FG loop of the CH2 domain of the Fc region based on
the crystal structure, results in complete abolishment of catalytic

activity. Mutations to glycine in the stretch of residues 355-NKALPAP-33;
in the FG-loop of the CH2 domain of the Fc region likewise result in the
complete loss of enzymatic activity (Fig. 3a and Supplementary Fig. 6).

We previously reported that wild type CU43 but not CU43i, for-
mulated as an Fc™”* fusion protein, could protect mice humanized for
Fcy receptors (FcyRs) from the mAb-mediated mAb; YTS191 cytotoxic
depletion of CD4 +T cells by defeating mAb Fc effector functions".
In order to validate the biological relevance of CU43 residues that we

Nature Communications | (2025)16:6147


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60986-w

Fig. 1| Corynebacterial IgG-specific CU43 forms a complex with Fc with

1:1 stoichiometry. a Schematic representation of domain architecture of IgG-
specific ENGases (EndoS, EndoS2) and corynebacterial ENGase CU43. SP=signal
peptide. b SEC-MALS analysis of CU43i-Fc complex in 2:1 molar ratio (upper panel)
and the indicated fractions from SEC were loaded into SDS-PAGE in non-reducing
(NR) conditions. Assays were performed in two independent replicates, and con-
sistent results were observed. Blue squares represent GIcNAc, red triangles repre-
sent Fucose, Green circles represent Mannose and yellow circles represent
Galactose. ¢ AUC analysis of CU43i, Fc CT and CU43-Fc 1:1 complex. Samples in PBS
were centrifuged at 45,400 xg. Curves represent fits to the continuous c(s) dis-
tribution model in SEDFIT. Res.=residuals. d SAXS scattering curve of CU43i,

Fc-1gG1 and CU43i-Fc. eP(r) functions distributions of CU43i, Fc-IgGl and CU43i-Fc
complex. f Normalized Kratky plot CU43i, Fc-IgGl and CU43i-Fc complex. g Ab
initio modeling with GASBOR of the envelope of CU43i and superimposition of
CU43i (PDB code: 8URA) crystal structure. h Ab initio modeling with GASBOR of the
envelope of IgG1(Fc) and superimposition of Fc-IgGl X-ray crystal structure (PDB
code: 1H3X). i Ab initio modeling with GASBOR of the envelope of CU43i-Fc and
superimposition of AF3 CU43i (orange)-Fc (gray) complex predicted model.
Schematic figures in panels 1a and 1b were created in BioRender. Sastre, D. (https://
BioRender.com/8gujq6o) and Sastre, D. (https://BioRender.com/uh09kf7) respec-
tively. Source data are provided as a Source Data file.

Glycan
docked

CU43i-Fc
interface

rigid flexible Fe-1gG1

54 234

Fig. 2 | Structural basis of human IgG-specific deglycosylation by CU43. a Two
views of cartoon representation of the crystal structure of CU43i-Fc® crystal
structure at 3.6 A resolution (PDB code: 8URO). GOF N-glycan was docked into
CU43i. b Surface representation of CU43i-Fc®* with glycan docked showing the
distance to N297 from each Fc protomer. ¢ Deep view of protein-protein interface

Protomer B

FcE3828

CU43i-Fc

-3.0mmm—

_—3 .0

residues of CU43i and Fc™*> complex represented as sticks. d Two views of crystal
structure of CU43i-Fc™5 complex representing B-factor values. e Surface elec-
trostatic potential of CU43 and Fc IgGl obtained using (https://server.
poissonboltzmann.org/pdb2pq). N-glycan GOF was docked in CU43i structure.

identified above to be important for hydrolytic activity (Fig. 3a-c), we
employed this humanized mouse model to test the role of these
mutations in vivo. As shown in Fig. 3d, wild type CU43 prevented the
depletion of CD4 +T cells, while CU43 mutant variants incapable of
binding the IgG N297-linked glycan, including CU43¥60AY262A which
recognizes the glycan core, and CU43®*A82%5A which recognizes the al-
3 branch, were completely incapable of preventing CD4+T cell
depletion. Likewise, the CU43R20AW20IAR204A yariant which abolishes
CU43 protein-protein interactions with the Fc substrate, exhibited no
prevention of CD4+T cell depletion. These data corroborate our
in vitro structural and mutagenesis analyses and demonstrate that
CU43 requires both glycan and protein binding to deglycosylate 1gG
antibodies in vivo (Fig. 3d and Supplementary Fig. 7).

To gain deeper insight into how mutations at the Fc region could
affect CU43 recognition of its substrate, we employed a site-saturation
library of IgGl Fc variants that included a near-comprehensive set of all
possible single-site mutations at each Fc position displayed on the
surface of HEK293T cells'®. We then bound fluorescently-labeled CU43i

to these cells and used fluorescence-activated cell sorting (FACS) to
isolate the Fc site-saturation library mutants that exhibited tighter and
weaker binding to CU43i. Fc mutations that resulted in substantially
reduced binding to CU43i map to the protein and glycan interfaces
identified in our CU43i-Fc crystal structure and corroborated our ala-
nine scanning mutagenesis analysis, showing that the lower the bind-
ing to Fc, the lower enzymatic activity levels of CU43 (Fig. 4a-c and
Supplementary Fig. 8). Moreover, using the same Fc site-saturation
library mutants we analyzed the binding of the multi-domain IgG-
specific ENGase, EndoS2. As shown in Fig. 4d-f, the pattern of Fc
binding to EndoS2 is in complete agreement with the crystal structure
of this protein complex (PDB code: 8Q5U"), in which the protein-
protein binding site is mainly located in the elbow of the CH2 and CH3
domains, clearly distinct from the pattern obtained for CU43 binding
to Fc (Fig. 4a-c). Interestingly, the tighter binding mutants in the deep
mutagenesis scanning heatmaps were around the glycan loop and
neighboring regions, in both CU43i-Fc and EndoS2-Fc complexes
(Fig. 4b-e). This was also noticed in the alanine scanning mutagenesis

Nature Communications | (2025)16:6147


https://BioRender.com/8gujq6o
https://BioRender.com/8gujq6o
https://BioRender.com/uh09kf7
https://server.poissonboltzmann.org/pdb2pq
https://server.poissonboltzmann.org/pdb2pq
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60986-w

a

Fc mutants

CU43 mutants

substrate binding site CU43-Fc interface

CH2 CH3 .
LCHZ-CH?; interface¢ CU43 interface

;\'; 120
:;_; 100
= 80
7]
< 60 3
S 40
&
< 20
€ 5
g\ SRR vfg T g v Qv,m,m,v.\vg%%@g%@eo © o Q,v ¥ SR T ST, v NESRSA AN
A P S «\“e B N i e NSRS '\» & %"@"é R
4” O 2\@ R T Tt .19?}19?\00 & S \Q‘b‘:‘g?'&" AN 0»?’ fo"' AN )
,,38(\ -k Q VL3P QP Q'b\\o\\o JER Q,'Io \; 9 Q~ {\'1« SV
g S P vﬁ, FF ¥
< 0 P9 O '3’
82 R w‘*
oV L »
o & i »9"
Mg 58 € €
b Substrate Ccu43
Fc-IgG1 -~ binding site (GH18)
£
:5 Top of CH2 (B)
]
3
®
Y]
=z
w
2
K
Q
x
180° 90°
Top of CH2 (A) Protein-protein Interface Glycan bindihg site
c 2
E294-E295 5 100
7}
s —e— CU43WT
£
o CU43 Q260A-Y262A
w 501
8 CU43 E294A- E295A
R200-W201 o - -
=4 CU43 R200A- W201A-R204A
a
O 9 . . , —e— PBS
(J
= 0 1 2 3
Time (d)
Protein Fc glycan Fc protein Catalytlcally
binding binding active
CU43WT Yes Yes Yes
Q260-Y262 CUA43 (Q260A-Y262A) or (E294A-E295A) No Yes No
1898 CU43 (R200AW201A-R204A) Yes No No

Fig. 3 | Targeted mutagenesis corroborates the IgG-specific deglycosylation
mechanism of CU43. a ENGase activity of CU43 WT and mutant variants against Fc
WT or Fc mutant variants. Incubation of CU43 WT against Fc WT was considered
100 % of activity (1:500 enzyme:substrate molar ratio). Data is presented as mean
values from independent samples + SD (n=3). Mean values were obtained by
globally fitting the different kinetic traces data using Kintek Global Kinetic
Explorer*. b Surface representation of CU43i-Fc structure color-coded according
to the relative activity of each mutant variant from panel A. Protomer B on CU43-
FcP82 structure was replaced for a copy of Fc from PDB (code: 5)JIH) to show all
mutated residues. N-glycan GOF was docked into CU43i structure. ¢ Surface
representation of CU43 and Fc (protomer A) with a GOF glycan docked, in which are
colored the key residues involved in the protein-protein interface of CU43 with Fc
and the residues involved in the glycan binding site that were used in the in vivo

assays indicated in (d). GIcNAc is colored in blue, Fucose in red and Mannose

in green. d Validation of CU43-Fc alanine scanning in vivo. CU43 WT and

mutant variants were fused to FCV*7A (CU43 WT- Fc\?7A, CU43Q260AY2624. ¢ N297A
CU43EHAEISAECNITA | CJ43RI00AW20IAR204A. EN27A) were administered Lv. into FcyR
humanized mice (n = 4--5/group) as follows: CU43 WT 0.5 pg/mouse (i.v.) + YTS191
(aCD4) 10 ug/mouse (i.v.), CU43Q60AE23A ( 5 0/mouse (i.v.) + YTS191 (aCD4)

10 pg/mouse (i.v.), CU435* E95 0 5 io/mouse (i.v.) + YTS191 (aCD4) 10 ug/mouse
(i.v.), CU43R200A. W209A, R204A () 5 o/mouse (i.v.) + YTS191 (aCD4) 10 ug/mouse (i.v.),
PBS (i.v.) + YTS191 10 ug/mouse (i.v.). The levels of CD4 +T cells in the blood were
determined by flow cytometry on days O, 1, and 3. Results are presented as the
mean + SEM from two independent experiments (n = 4-5 mice/group). Source data
are provided as a Source Data file.

analysis of Fc against EndoS", where some of these Fc mutations were
more efficiently processed by EndoS compare to Fc WT, suggesting
that maybe glycan loop could play some role in Fc protein flexibility
and solvent exposure.

CU43 hydrolyzes IgG glycans by an inter-protomer mechanism
Our CU43i-Fc®8 crystal structure (Fig. 2) suggests that CU43 binds to
one Fc protomer in order to hydrolyze the glycan on the opposite Fc
protomer; an inter-protomer mechanism of IgG deglycosylation. To
validate this mechanism, we engineered an Fc heterodimer in which
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both Fc protomers were glycosylated but only one protomer harbored  monoglycosylated IgG species were obtained following CU43 treat-
an A330W mutation, which we had found by both targeted and ment. Furthermore, to determine which of the two protomers con-
saturation mutagenesis to abolish CU43 catalytic activity and binding  tained the N-glycan on the mono-glycosylated product obtained using
to Fc (Figs. 3a, 4b and 5a-d). We hypothesized that wild type CU43  heterodimeric A330W/WT IgG antibody as the substrate, we treated
would be unable to interact with the mutated A330W protomer, the IgG with the IgG-specific peptidase IdeS to liberate the two Fc
leading to the production of monoglycosylated IgG variants. As con-  protomers, followed by treatment with the exo-galactosidase BgaA to
firmed by mass spectrometry analysis (Fig. 5e-f), only trim galactose monosaccharides from the N297-linked CT glycan, and
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Fig. 4 | Saturation mutagenesis on Fc corroborates the CU43i-Fc®%> glycan

structure. a Heatmaps of deep mutational scanning results for IgG1 Fc mutants
with (a) weaker and (b) tighter binding to CU43i. Average weaker/tighter binding
scores per site are depicted as bar charts above the heatmaps, with sites highlighted
if the score exceeds one (light blue/pink) or two (dark blue/magenta) standard
deviations above the mean. ¢ Average weaker (magenta/pink) and tighter (dark/
light blue) binding scores, color-coded according to the threshold values described
in (a-b), mapped onto Fc dimer structure with CU43i depicted in orange. N-glycan
GOF glycan was docked in CU43i structure. d-e Heatmaps of deep mutational

scanning results for IgG1 Fc mutants with (d) weaker and (e) tighter binding to
EndoS2i. Average weaker/tighter binding scores per site are depicted as bar charts
above the heatmaps, with sites highlighted if the score exceeds one (light blue/
pink) or two (dark blue/magenta) standard deviations above the mean. f Average
weaker (magenta/pink) and tighter (dark/light blue) binding scores, color-coded
according to the threshold values described in (d, e), mapped onto Fc dimer
structure with EndoS2i depicted in green. For statistical analysis of DMS data, we
used two-sided Fisher’s exact test, followed by Bonferroni correction.

then analyzed the resulting products by LC-MS. As shown in Fig. 5g, the
N297-linked glycan was absent in the A330W-mutated Fc protomer but
present in the non-mutated (wild type) Fc protomer, as shown by the
respective masses of each Fc protomer. As a control, we performed the
same assay using EndoS2, in which we detected only fully deglycosy-
lated Fc protomers after IdeS/BgaA treatment, indicating that the
A330W mutation only affects CU43 binding/activity to Fc but does not
affect EndoS2 (Fig. 5h). This data confirms that CU43 employs an inter-
protomer mechanism for deglycosylating its IgG substrate in which it
makes direct contact with the top of the CH2 domain of one protomer
and hydrolyzes the N-glycans linked to N297 on the opposite
protomer.

CU43 decouples the effector functions and neutralization
capacities of IgG antibodies

To determine whether excess of non-pathogenic human IgG
antibodies could compete with the activity of CU43 against
pathogenic antibodies in vivo, we assessed the ability of CU43-Fc
to block CD4 + T cell depletion in mice humanized for FcyRs fol-
lowing administration (10 pg, i.v.) of the chimeric rat anti-mouse
CD4 mADb YTS191 expressed as human IgGl (afucosylated) in the
presence of intravenous immunoglobulins (IVIG, 5mg). IVIG
could potentially compete with IgG YTS191 for CU43-mediated Fc
N-glycan cleavage. However, CU43-Fc still exhibited potent
activity at 1pg/mouse to abrogate antibody-effector functions
in vivo and to effectively deglycosylate pathogenic as well as
excess (5 mg) of non-pathogenic IgGs (Fig. 6a and Supplementary
Fig. 9a-b). Furthermore, while a major limitation of neonatal Fc
receptor (FcRn)-blocking therapeutics, such as Efgartigimod, is
that they reduce the levels of total IgGs, likely leading to immu-
nosuppressive consequences. We hypothesized that CU43 activity
only affects glycosylation of antibodies and its effector function
without altering the levels of IgGs and their neutralization capa-
cities. To address this hypothesis, we compared the in vivo
activity of a neutralizing anti-HA mAb to protect FcyR humanized
mice against influenza virus challenge following treatment with
CU43 or Efgartigimod. After treatment of FcyR humanized mice
with CU43-Fc or Efgartigimod along with the neutralizing mono-
clonal antibodies recognizing the head of hemagglutinin (HA;
anti-HA head mAb 7B2) one day prior to lethal challenge with the
HINI strain of influenza (Neth/09) (Fig. 6b), we observed that in
mice treated with CU43-Fc, 7B2 retained its full neutralization
capacity and protected mice from weight loss and mortality
(Fig. 6¢-€). Conversely, in mice administered Efgartigimod, which
indiscriminately accelerates IgG catabolism, 7B2 neutralization
capacity was reduced, resulting in significant weight loss and
consequently, reduced survival (Fig. 6b-e). Thus, despite both
CU43-Fc and Efgartigimod being able to prevent mAb-mediated
cytotoxicity in vivo”, CU43-Fc hydrolyzes the Fc-associated N-
glycan to prevent Fc-FcyR interactions but has no effect in the
neutralization capacity of IgG antibodies. CU43 effectively
decouples the antibody-mediated effector functions and neu-
tralization capacities of IgG antibodies, whereas Efgartigimod,
which targets the FcRn pathway to accelerate IgG catabolism,

simultaneously abrogates both antibody effector functions and
neutralization (Fig. 6f).

CMA49 targets a unique binding site on the Fc region to degly-
cosylate IgG antibodies

To ascertain whether all members of the corynebacterial IgG-specific
ENGase family share a similar mechanism of recognition and degly-
cosylation of N297-linked IgG glycans, we generated molecular models
of representative corynebacterial IgG specific ENGases in complex
with Fc using Alphafold3 (AF3)” (Supplementary Fig. 10). Most of the
corynebacterial IgG-specific ENGases display an Fc binding mode
similar to that of CU43, with a per-residue confidence metric called
predicted local distance difference test (pLDDT)?** of around 80-85
range, indicating that all ENGase-Fc complexes were predicted con-
fidently (Supplementary Fig. 10); the position of CU43 on the complex
with-Fc observed in the AF3 model is in agreement with our CU43i-Fc
crystal structure (RMSD = 4.6 A; average TM-score= 0.55) (Fig. 2a). An
AF3 model of CP258 was in closer agreement with our CU43i-Fc®2
crystal structure, with an RMSD of 4.3 A (average TM-score= 0.79) and
the Asn297-linked N-glycan (GOF) from the opposite Fc protomer
appeared optimally positioned in the enzymatic active site (Supple-
mentary Fig. 10b). However, the CM49-Fc model was an exception
(Fig. 7a), suggesting that CM49 recognizes the IgG substrate in a
manner different from CU43 to hydrolyze N297-linked glycans.
Accordingly, we identified two potentially distinct Fc binding modes
by corynebacterial ENGases in agreement with the phylogenetic rela-
tionships of the individual members of this larger IgG-specific ENGase
family (Fig. 7b). CU43 forms a subgroup with five other orthologs,
while CM49 forms a phylogenetically distant subgroup together with
Csp50 (Fig. 7b), a newly identified protein from Corynebacterium sp.
(NCBI ID: WP_303197466.1) that we named Csp50 based on its origin
and molecular weight (Supplementary Table 4). This protein shares
83% sequence identity with CM49 and exhibited similar activity and
potential binding site on the Fc region as predicted by AF3
(pLDDT=83.2; Supplementary Fig. 10). To validate these predictions,
we employed our IgGl Fc site-saturation mutant library, incubating
with fluorescently-labeled catalytically-inactive CM49 (CM49 P17AEI73A
or CM49i) to sort Fc mutants that exhibited tighter and weaker binding
(Fig. 7c-e). Indeed, these data corroborate the AF3 model of CM49-Fc
and indicate that CM49 engages the Fc region at a site formed by both
the CH2 and CH3 domains. We also performed small-angle X-ray
scattering (SAXS) with in-line SEC (Fig. 7f~h and Supplementary
Table 1) and reconstructed ab initio envelopes for CM49i (Fig. 7i) and
the CM49i-Fc complex (Fig. 7j) As shown in Fig. 7j, an AF3 model of the
CM49i-Fc complex was validated by its correct fitting into the SAXS
envelope despite exhibiting some degree of protein flexibility (Fig. 7j).
In contrast to the shared Fc binding site for ProteinA (PDB code:
5U4Y?), Protein G (PDB code: 1IFCC*), FcRn (PDB code: 7Q15**), TRIM
21 (PDB code: 2IWG?) and B-sandwich (BS) domain of EndoS (PDB
code: 8A64'%), which all bind to the outside surface of the CH2-CH3
elbow, CM49 binds to the inside surface of the CH2-CH3 elbow, where
no other Fc-binding protein or enzyme is known to bind (Fig. 8).
Moreover, based on deep mutagenesis scanning results, we con-
structed an Fc with three mutations (K338W-G341R-P343F) in the inner
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Fig. 5| CU43 hydrolyzes IgG glycans by an inter-protomer mechanism. a, b Mass
spectrometry analysis of Fc WT CT containing N297- attached CT N-glycans incu-
bated with (a) PBS or (b) after treatment with CU43 WT. Glycoforms on Fc are
represented as cartoons. c-d) MS spectra of Fc WT glycoforms from Fc region of
IgG1 homodimeric mutant variant harboring a A330W mutation in both protomers
(chains A and B), incubated with (c) PBS or (d) after treatment with CU43 WT
(1:1,000 enzyme:substrate molar ratio incubated during 3 hs at 37 °C). e, f MS
spectra of IgGl heterodimeric variant harboring a mutation A330W only in proto-
mer A (chain A), incubated with (e) PBS or (f) after treatment with CU43 WT (1:1,000
enzyme:substrate molar ratio incubated during 3 h at 37 °C). g, h 5uM IgGl

heterodimeric variant harboring A330W only in protomer A (chain A) after treat-
ment with 50 nM (g) CU43 or (h) EndoS2, and additionally treated with 75 nM IdeS
peptidase and 50 nM BgaA (exo-galactosidase), after incubation for 1h at 37 °C. In
panels (E-H) the substrate was IgG Rituximab based KiH heterodimer: Protomer A:
T366S/L368A/Y407V/A330W (-5Da); Protomer B: T366W (+ 85 Da). Assays were
run in independent duplicates. Blue squares represent GIcNAc, red triangles
represent Fucose, Green circles represent Mannose and yellow circles represent
Galactose. Schematic Figures were created in BioRender. Sastre, D. (https://
BioRender.com/uh09kf7). were created in (https://BioRender.com). Source data
are provided as a Source Data file.

surface between the CH2-CH3 domains and we analyzed the ability of
CM49 to deglycosylate this Fc variant. CM49 was unable to remove the
N-glycans from this Fc triple mutant but was able to fully deglycosylate
Fc WT. CU43 showed full activity against both the WT and this Fc
mutant, as we evidenced by LC-MS analysis (Supplementary Fig. 11a-f).
Additionally, we generated a truncated mutant of CM49 by removing
its first 20 residues (CM49 AN-term) to evaluate the accuracy of the
AF3 model’s complex prediction. As anticipated, this mutant variant
was entirely incapable of processing N-glycans on Fc IgG, despite
exhibiting thermostability comparable to the wild-type enzyme (Sup-
plementary Fig. 12a-c). Such a binding mode suggests that CM49, like
CU43, also uses an inter-protomer mechanism to deglycosylate 1gG
antibodies. Despite its unique Fc binding site, CM49 exhibits the
hallmarks of CU43 and other IgG-specific ENGases, including 1:1

ENGase:Fc region stoichiometry, as shown by SEC-SAXS (Fig. 7j and
Supplementary Table 1), and strict specificity for N297-linked N-gly-
cans on native IgG antibodies (Supplementary Fig. 13a-c). Indeed,
CM49i was able to interact with IgG1 (CT) at micromolar affinity by SPR
analysis in which IgG was immobilized on a Protein A sensor chip,
confirming that the specific binding of CM49 to the Fc region is not
overlapping with the Protein A binding region (Supplementary
Fig. 13d).

Discussion

We recently discovered a family of single-domain corynebacterial IgG-
specific ENGases and showed that the prototypical member of this
family, CU43, is required to bind to both the protein and glycan
components of the IgG antibody to hydrolyze the N-glycans".
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Fig. 6 | CU43 decouples the effector functions and neutralization capacities of
IgG antibodies. a FcyR humanized mice (n=3/group) were administered Lv. with
the indicated dose of the chimeric rat anti-mouse CD4 mAb (clone YTS191)
expressed as afucosylated wild-type (WT) human IgGl. hFcyR mice, 6-8 weeks old.
IVIG (IVIG Gammagard (Takeda) NDC 0944-2700-04) 5 mg/mouse (s.c.) + YTS191
afuc (aCD4) 10ug/mouse (i.v.) + CU43 1ug/mouse (i.v.); IVIG 5 mg/mouse (s.c.) +
YTS191 afuc (aCD4) 10ug/mouse (i.v.) + PBS (i.v.); The levels of CD4 + T cells in the
blood were determined by flow cytometry. Data are presented as mean values +
SEM from two independent experiments (n =5 mice/group). b Schematic repre-
sentation of CU43-Fc and Efgartigimod treatment to evaluate the capacity of neu-
tralizing anti-influenza HA mAbs to confer in vivo protection against lethal

influenza challenge in FcyR humanized mice. c-e FcyR humanized mice (n=6-8
mice/group) were treated (i.v.) with the indicated dose of CU43-Fc or Efgartigimod
(EFG) along with the neutralizing anti-HA mAb 7B2 (0.25 mg/kg, i.v.) one day prior
to lethal challenge with HIN1 (Neth/09; i.n. SmLD50). Weight (c, d) and survival (e)
were monitored for a period of 14 days post-infection and compared between
groups. AUC=area under the curve. Results are presented as the mean + SEM from
two independent experiments (n = 6-8 mice/group). f Schematic representation of
the effect of IgG degrader vs IgG defeater on antibody-mediated functions and
neutralization capacities. Schematics in panel 6b and 6f were created in BioRender.
Sastre, D. (https://BioRender.com/uh09kf7)and Bournazos, S. (https://BioRender.
com/7f9t1z4), respectively. Source data are provided as a Source Data file.

Here we describe the molecular mechanism by which CU43 spe-
cifically deglycosylates IgG antibodies. We had previously defined the
mechanisms by which the multi-domain streptococcal ENGases EndoS
and EndoS2 exert strict specificity for the N297-linked glycan on IgG
antibodies'®". The multi-domain enzymes follow four molecular rules
for IgG-specific deglycosylation: (1) they possess a constrained glycan
binding site that prohibits their recognition of non-IgG glycans; (2)

they use a non-enzymatic domain to form a protein-protein interaction
with the IgG Fc; (3) their unique multi-domain molecular architecture
places the active site in a position to accommodate and hydrolyze the
N297-linked glycan upon a conformational rearrangement of the gly-
can loop; and (4) they deglycosylate IgG sequentially by an intra-
protomer mechanism, binding and hydrolyzing the N297-linked glycan
on one Fc protomer prior to binding and hydrolyzing the N297-linked
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glycan on the other Fc protomer. Here, we show that CU43 follows
these similar rules for IgG specificity with several accommodations for
possessing only a single domain. First, on account of CU43 having only
one domain, it uses its N-terminal region, which lies distant to the
active site to form a protein-protein interaction with IgG, positioning
the active site of the enzyme in close proximity to the N297-linked
glycan. Second, CU43 deglycosylates IgG by an inter-protomer

mechanism, whereby it binds to one Fc protomer to hydrolyze the
N297-linked glycan on the other Fc protomer; like EndoS, CU43 also
deglycosylates IgG sequentially”.

Having described the mechanism by which CU43 deglycosylates
IgG, we then employed a variety of complementary and confirmatory
techniques, most notably screening of a site-saturation library of the
IgGl1 Fc region'® combined with AF3 modeling® to define the molecular
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Fig. 7| CM49 utilizes a unique binding site on the Fc region to deglycosylate IgG
antibodies. a Two views of cartoon representation of AF3 models of CM49
(orange)-Fc dimer (gray) complex. N-glycan GOF was docked into AF-CM49 glycan
binding pocket. b Neighbor-joining phylogenetic tree of corynebacterial and
streptococcal ENGases with bootstrap values (1000 replicates). Protein sequence
alignments were performed by MUSCLE and the phylogenetic tree was generated
using MEGA v11¥. 0: indicates mechanism of multi-domain IgG-specific ENGases
EndoS/S2; I: indicates mechanism of CU43 and its closest homologs; Il: indicates the
mechanism of CM49 and Csp50; ns, means non-IgG specific ENGase. ¢, d Heatmaps
of deep mutational scanning results for IgG1 Fc mutants with (c) weaker and (d)
tighter binding to CM49i. Average tighter/weaker binding scores per site are
depicted as bar charts above the heatmaps, with sites highlighted if the score

exceeds one (light blue/pink) or two (dark blue/magenta) standard deviations
above the mean. e Average tighter (dark/light blue) and weaker (magenta/pink)
binding scores, color-coded according to the threshold values described in (c, d),
mapped onto Fc dimer structure (PDB code: 5JIH). For statistical analysis of DMS
data we used two-sided Fisher’s exact test, followed by Bonferroni correction. e-i
SAXS analysis of the CM49i-IgG1(Fc) complex. f SAXS scattering curve of CU49i,
IgG1(Fc) and CU49i-1gG1(Fc). g P(r) functions distributions of CU49i, IgG1(Fc) and
CU49i-IgG1(Fc) complex. G) Normalized Kratky plot CU49i, IgG1(Fc) and CU49i-
IgG1(Fc) complex. h Ab initio modeling with GASBOR of the envelope of CM49i and
superimposition of CM49i Alphafold structure prediction. i, j Ab initio modeling
with GASBOR of the envelope of (i) CM49i-Fc and (j) superimposition of CM49i-Fc
AF3 structure prediction.

mechanisms of IgG specificity for the entire family of corynebacterial
IgG-specific ENGases. We describe three distinct mechanisms that
partition according to sequence identity. CU43 and its homologs,
(CP258, CP40, CS43, CB44, CR39) form a subfamily that uses the
mechanism described for CU43 above. CM49 and Csp50 form a sub-
family that uses an entirely different binding site on the Fc region to
position their active sites proximal to the N297-linked glycan. Finally,
CX35 from C. xerosis, the most phylogenetically distant ENGase of the
family, is a protein-agnostic enzyme, hydrolyzing complex-type gly-
cans from both IgG and non-IgG glycoprotein substrates, as we had
shown previously”.

The IgG Fc region has two distinct hotspots for binding by host
receptors, as well as pathogenic proteins and enzymes (Fig. 8). The top
surfaces of the two CH2 domains, one from each protomer, form a
binding site for FcyRs* and complement Clg”- host receptors that
control antibody-mediated effector functions - as well as for IdeS and,
now, CU43 sub-family ENGases - pathogenic IgG-specific enzymes that
defeat antibody-mediated effector functions via degradation or
deglycosylation, respectively. This binding site is asymmetric in that
the amino acid residues forming the binding interface on one Fc pro-
tomer are distinct from those on the other Fc protomer. The other
prominent binding site on the Fc region is formed by the outer surface
of the intersection of the CH2 and CH3 domains. This site is targeted by
FcRn, which is responsible for IgG recycling and the long serum half-
life of these antibodies, Protein A and Protein G, bacterial proteins that
disrupt opsonization and phagocytosis, as well as EndoS and EndoS2,
the multi-domain streptococcal IgG-specific ENGases. This site is
symmetrical in that binding to one Fc protomer allows for identical
binding to the other Fc protomer. Members of the CM49 sub-family of
single-domain IgG-specific ENGases bind an entirely unique site
formed by the inner surface of the intersection of the CH2 and CH3
domains that does not overlap with either of the two above-described
hotspots for Fc binding. This expands the catalog of viable recognition
sites on the Fc region.

IgG antibodies exhibit two distinct immunological functions -
neutralization of microbes and toxins, which is mediated by Fab
domain recognition, and antibody-mediated effector functions, which
are dependent on Fc region binding to FcyRs and complement Clq. A
fully competent immune system requires both functionalities. In the
treatment of IgG-mediated pathologies, IgG degraders, either enzymes
that degrade IgG directly (e.g., IdeS) or proteins that block
FcRn-mediated recycling to shunt IgG antibodies to proteasomal
degradation (e.g., Efgartigimod), nullify both of these properties of IgG
antibodies. This form of pharmacologically-induced plasmapheresis
cannot abrogate one IgG function without negating the other. Here, we
found that CU43, representative of a class of effective in vivo 1gG
defeaters as well as EndoS?*~°, which strictly defeat the antibody-
mediated effector functions of IgG, fully preserved the neutralization
capacity of IgG antibodies in a humanized mouse model of lethal
influenza infection, thereby separating the two immunological

properties of IgG antibodies. This selective activity of IgG defeaters
may be clinically advantageous.

Methods

Expression and purification of bacterial and mammalian
proteins

Corynebacterial ENGases CU43 and CM49 ORFs cloned into the
pET28a vector between BamHI-Xhol sites, containing His6 tag on the
N-terminus. Escherichia coli BL21(DE3) cells (NEB) transformed with
the corresponding plasmid were grown in 50-2000 ml of LB medium
supplemented with 50 pg ml-1 kanamycin at 37 °C. When the culture
reached an ODggo value of 0.6-0.8, the expression of proteins was
induced by adding 0.25 mM IPTG. After ca. 16 h at 18 °C, the cells were
harvested by centrifugation at 6000 xg for 20 min at 4°C and
resuspended in 10-50 ml of 20 mM HEPES, pH 7.4, 300 mM NaCl.
Cells were disrupted by sonication (12 cycles of 10 s pulses with 60 s
cooling intervals between the pulses, and 60% of amplitude) at 4 °C,
and the suspension was centrifuged at 10,000 x g for 10 min at 4 °C.
The supernatant was passed through 0.2 um filters and applied to a
NiNTA column (1-5 ml, Thermo Scientific) equilibrated with 20 mM
HEPES, pH 7.5,300 mM NaCl. The elution was performed with a linear
gradient of 0 to 500 mM imidazole in 20 ml of solution A at 1 ml/min.
The eluted fractions were buffer exchanged to 20 mM HEPES pH 7.4,
150 mM NaCl, pH 7.4 in an Amicon Ultra-15 centrifugal filter unit
(Millipore) with a molecular weight cutoff of 10 kDa at 4000 x g.
Proteins were further purified by size-exclusion chromatography
using a Superdex 200 10/300 GL column (GE Healthcare)
equilibrated in 20 mM HEPES pH 7.4, 150 mM NaCl, pH 7.4. The
eluted protein was concentrated using an Amicon Ultra-15 centrifugal
filter unit (Millipore) with a molecular weight cutoff of 10 kDa at
4000 x g. Samples from the purification steps were analyzed by
SDS-PAGE.

The primers for alanine scanning mutagenesis were designed
using the NEBaseChanger website (https://nebasechanger.neb.com/)
and purchased from IDT (Integrated DNA Technologies, Inc, lowa,
USA) and PCR was carried out using the NEB QS5 Site-Directed Muta-
genesis Kit and the manufacturer’s instructions. List of primers
sequences used in this study are included in Supplementary Table 3.

Plasmids containing the CU43a/i-Fc, higGl-Fc fragment and
Efgartigimod alfa (higG-1-(M252Y/S254T/T256E/H433K/N434F)-Fc
fragment” were transfected in Expi293F™ cells (Catalog number:
Al14527, Thermo Fisher) according to the manufacturers protocol
(Catalog: MANO0O07814, Thermo Fisher) with the addition of Penicillin/
Streptomycin mix 24 h post transfection. The cells were cultured for
96 h before harvesting. The constructs were then purified using Pro-
tein A resin (Thermo Fisher) with PBS pH 7.4 being used as the binding
buffer and 100 mM sodium citrate buffer pH 3.0 as the elution buffer.
The fractions were neutralized with 1 M Tris pH 9.0. The proteins were
buffer exchanged into 1x PBS using a 50 kDa Amicon Ultra Centrifugal
Filter (Millipore).
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Fig. 8 | CM49 binds a unique site on Fc IgG1 that does not overlap with any
described hotspots for Fc binding. Structural comparison of diversity of binding
sites of proteins that specifically interact with IgGl Fc. (1) top of CH2 binding:
FcyRINIA-Fc (PDB code: 1E4K), Clg-Fc (PDB code: 6FCZ), IdeS-Fc (PDB code: 8A47)
and CU43i-Fc (PDB code: 8URO); (2) external surface of CH2-CH3 elbow: ProteinA-

3 AF3CM49-Fc

Fc (PDB code: 5U4Y), Protein G-Fc (PDB code: 1FCC), FcRn-Fc (PDB code: 7Q15),
TRIM 21-Fc (PDB code: 2IWG) and EndoS-Fc (PDB code: 8A64); (3) CM49 bind to the
inside surface of the CH2-CH3 elbow while no other Fc-binding protein or enzyme is
known to bind to this site. Schematics were created in BioRender. Sastre, D.
(https://BioRender.com/uh09kf7).

Antibody purification

After transfection, cells were cultured for 96 h in Free-style F17 med-
ium supplemented with GlutaMAX and Geneticin (Thermo Fisher Sci-
entific). IgGl was purified using protein A chromatography, with
20 mM sodium phosphate buffer pH 7.0 used as a binding buffer and
100 mM sodium citrate buffer pH 3.0 as elution buffer. The fractions
were neutralized with 1M Tris pH 9.0. SDS-PAGE was used to identify
fractions which contained IgGl. These were subsequently pooled,
concentrated and analyzed by LC-MS. Heterodimeric IgGs were
obtained from co-expression of the following heterodimeric platform
and the mutations on one heavy chain are based on the knobs-into-
holes (KiH) strategy® in which Protomer A contains mutations T366S/
L368A/Y407V/A330W (-5Da) and Protomer B only mutation T366W
(+85Da). List of protein constructs expressed is included in Supple-
mentary Table 4.

Crystallization and data collection

CUA43i-Fc was crystallized by mixing 0.9 uL of a protein solution at
10 mg mL™ in 20 mM Buffer HBS pH 7.4, 150 mM NaCl with 0.6 uL of
MIDAS (2-31) solution (0.2 M ammonium acetate 0.1 M MES 6.5 30 %v/v
glycerol ethoxylate) and 0.3pL of seed stock from crystal of the
complex obtained in (PACT 2-17). Crystals were transferred into a
solution of cryo-protectant solution containing 20% glycerol and fro-
zen under liquid nitrogen. Complete X-ray diffraction datasets were
collected at the Southeast Regional Collaborative Access Team (SER-
CAT) Beamline 22-ID facilities at the Advanced Photon Source (APS) at
the Argonne National Laboratory, IL (USA). The wavelength of data
collected was 1.0. CU43i-Fc crystallized in space groups P2; with two
molecules in the asymmetric unit (with ~65% solvent content) and
diffracted to a maximum resolution of 3.6 A (PDB code 8URO) (Sup-
plementary Table 2). Datasets were integrated and scaled with
HKL2000 following standard procedures.

Structure determination and refinement

The structure determination of the CU43-Fc complex was solved
by molecular replacement methods implemented in Phaser and the
PHENIX suite using the crystal structure of CU43i (PDB code: SUEN)

E382S

and Fc (PDB code: 5JIH) as search models. Owing to the large structural
reorganization of the molecules upon complex formation, Phaser
yielded a single solution in space group P12;1 for the positioned Fc
fragment. With the positioned Fc part, the ENGase CU43 was found
with a clear solution (LLG =1286 TFZ = 32.8). Structure refinement was
performed using Coot and phenix.refine. The positioned- molecules
fitted into the asymmetric unit without sterical clash. By refinement
considering each domain as a rigid unit the analysis was extended
stepwise to the resolution of 3.6 A and the large relative movements of
the individual domains became apparent. An overall B-factor refine-
ment resulted in high B-factors with a large anisotropic contribution, in
accordance with the prediction from the Wilson plot. This might be an
intrinsic property of the Fc fragment, which has also been observed in
other complex structures where parts of the Fc fragment were found
disordered?. The calculated electron density at 3.6 A was of sufficient
quality to trace the backbone of the polypeptide chains, however,
some ambiguities in the main chain peptide orientations remained.
Most CH2 backbone in chain B (Protomer B) were not visible in the
electron density. For Figs. 3 and 4, protomer B on CU43-Fc®%% struc-
ture was replaced with a copy of Fc from PDB (code: 5JIH) to show all
mutated residues. Ramachandran statistics indicated that 94.15 (%) of
protein residues were in favored regions, 3.66 % of residues were in
allowed regions and 2.18% were in disallowed regions. The structures
were validated by MolProbity. Data collection and refinement statistics
are presented in Supplementary Table 2. Molecular graphics and
structural analyses were performed with Pymol (PyMOL Molecular
Graphics System, Version 1.2r3pre, Schrodinger, LLC) and UCSF Chi-
mera v1.6. Protein-glycan docking analysis of CU43 and N- glycan
(GIcNAc(b1-2)Man(al-3)[GIcNAc(bl-2)Man(al-6)]Man(b1-4)GlcNAc(bl-

4)[Fuc(al-6)]GIcNAc, also called GOF) was performed using default
settings on HADDOCK 2.4 server®. We used the online server US-align
(Version 20241108, https://zhanggroup.org/US-align/) to calculate TM-
score of protein complexes™.

IgGl1 Fc cell line generation for mammalian surface display
The IgGl Fc cell line generation and mammalian surface display platform
were as described in ref. 18. Our construct consisted of codon-optimized
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IgGl Fc (UniProt ID: PO1857, residues 216-447) preceded by an
N-terminal signal peptide sequence derived from IgG4 (MEFGLSWVFL-
VALFRGVQC), 1xGGS linker, Myc-tag (EQKLISEEDL) and 2xGGS
linker, and followed by a transmembrane helix derived from
PDGFR (AVGQDTQEVIVVPHSLPFKVVVISAILALVVLTIISLIILIMLWQKKPR).
We cloned this sequence into pLVX-IRES-ZsGreenl (TakaraBio) at the
EcoRI and Notl sites using Gibson assembly (NEB 2x Gibson Assembly
Master Mix) and packaged the resulting construct into a lentivirus using
the vectors psPAX2 and pMD2G and the LV-MAX lentiviral production
system (ThermoFisher) in a 1:1:0.5 pLVX:psPAX2:pMD2G ratio. A stable
cell line of lentivirus-infected Viral Production Cells was then generated
at a multiplicity of infection of 0.1, resulting in >90% of cells being
infected with a single viral particle.

Site-saturation library generation

Site-saturation library generation was as described in ref. 18. Briefly, a
site-saturation library containing every possible mutation at positions
216-447 of the IgGl protein sequence (UniProt ID: PO1857) was synthe-
sized (TwistBioscience). 15-nucleotide barcodes were added by PCR
using 5 amplification cycles with pLVX_IgG4_FW and pLVX_ BC_PDGFR_RE
primers. The resulting DNA was packaged into pLVX-IRES-ZsGreen at the
EcoRI and Notl sites using Gibson assembly (NEB). The reaction mixture
was electroporated using Endura™ Electrocompetent Cells (Lucigen) and
plated on LB ampicillin plates to concentrations set to achieve 150,000
colonies per replicate library (to limit library complexity), and grown
overnight at 30 °C. The following day, the cells were washed from the
plates, and the plasmids were purified using a HiSpeed Plasmid Maxi kit
(Qiagen). These replicate libraries were then packaged into a lentiviral
library as described in the previous section. Titration of these lentivirus
preparations using the GFP reporter was then performed, where 200
million Viral Production Cells were infected at an MOI of 0.1 to generate
stable cell lines. 48 h post-transfection, cells were harvested and filtered
with 0.45 uM, 25 mm PES filters. A FACS ARIA Il instrument (BD), admi-
nistered by the Emory Flow Cytometry Core, was then used to collect at
least 5 million GFP-positive cells. These GFP-positive cells were then
expanded and stained with a rabbit Alexa647-anti-Myc antibody (Cell
Signaling, 1:200 dilution), before sorting for cells expressing functional
Fc mutants. A minimum of 5 million GFP*/Myc" cells were sorted and
expanded for each replicate library, to be used for screening against the
endoglycosidases.

Flow cytometry to characterize IgGl Fc WT binding

Binding studies for IgGl Fc WT with CU43i, CM49i and EndoS2
was as described for Fc with Fc gamma receptors from'. Briefly,
binding to each endoglycosidase was individually measured using
our cell line stably expressing wild-type IgGl Fc on the cell sur-
face. Biotinylated endoglycosidases were prepared in binding
buffer and incubated with ~5x104 cells for 1h at room tem-
perature. Cells were then washed four times with binding buffer
and stained with rabbit PE-labeled anti-Myc antibody and PerCP-
eFluor™ 710-labeled streptavidin (ThermoFisher). Data collection
was conducted using a Northern Lights (Cytek) instrument, and
the median fluorescence intensity (MFI) of PerCP-eFluor710 used
to measure the binding between Fc-expressing GFP'/Myc" cells
and the biotinylated endoglycosidases.

PacBio library sequencing and analysis

The library used in this study was the same as that used in ref. 18 For
details, see that report and our GitHub page (https://github.com/
Ortlund-Laboratory/DMS_IgGlFc/tree/main).

Fluorescence-activated cell sorting of library to select mutants
that cause tighter/weaker binding to CU43i, CM49i and EndoS2
Fluorescence-activated cell sorting (FACS) with this library was as
described for assays with Fc gamma receptors in ref. 18. Briefly, for

each assay, 30 million GFP +/Myc+ IgGl Fc library cells were washed
with binding buffer (1X PBS plus 2% FBS and 10 mM HEPES, pH 7.5) and
incubated with CU43i/CM49i/EndoS2 at concentrations approximat-
ing the Kp of the relevant Fc-enzyme interaction in a combined volume
of 0.5mL at room temperature for 1h. Following a further three
washes with additional binding buffer, the cells were stained with
rabbit anti-Myc antibody and PerCP-eFluor™ 710 streptavidin. A BD
FACSMelody™ cell sorter (BD Biosciences) or a BD FACS Aria Il
instrument (BD Biosciences) was used for cell sorting. Positive anti-Myc
signal was used as a control for cell surface expression, and so cells
were selected above the diagonal to capture the top 15% of binders (the
tightest-binding mutations) and below the diagonal to capture the
bottom 15% of binders (the weakest-binding mutations) on an anti-Myc
vs enzyme signal plot. ~1x10° cells were collected in LV-MAX produc-
tion medium for both the tighter- and weaker-binding populations.
Additionally, an unsorted reference population (5 x 10° cells) was col-
lected per experiment. FACS experiments were carried out in the Flow
Cytometry Core Facility of the Emory University School of Medicine.

High-throughput sequencing

Preparation of cells for sequencing was as described in ref. 18. Briefly,
cells were washed once with 1X PBS, the RNA extracted using a GenJet
RNA Purification Kit (ThermoFisher) and cDNA prepared using a High-
Capacity cDNA Reverse Transcription Kit (ThermoFisher) and with a
primer designed to anneal immediately downstream of the barcode
sequence. Barcodes were then amplified over 8 rounds of PCR
(increasing to 15 if necessary) using a Platinum™ SuperFi™ DNA
polymerase (ThermoFisher). Samples were sequenced on an lllumina
NovaSeq 6000 at PE1I00 or PE26x91, with a read-depth of 10 million
reads for a tighter- or weaker-binding population, and a read-depth of
50 million reads per reference sample. Next generation sequencing
services were provided by the Emory NPRC Genomics Core.

Calculation of binding scores for sequencing data analysis

The calculation of tighter- and weaker-binding scores was as described
in ref. 18. Notebooks were adapted from those developed by the
Bloom group (see the dms_variants package at https://jbloomlab.
github.io/dms_variants/index.html and Greaney et al. **. Our workflow
is given on our GitHub page at https:/github.com/Ortlund-
Laboratory/DMS_EndoS2_CU43_CM49).

Data visualization

Custom scripts required for heatmap generation are provided at
https://github.com/Ortlund-Laboratory/DMS_EndoS2_CU43 CM49/
tree/main/Example_Workflow/scores_and_visualization. The x-axis of
each heatmap denotes the site number of IgG1 (ranging from 216-447),
and the y-axis denotes the possible amino acid types. Black dots
represent the WT sequence, with the other dots color-coded according
to binding strength, with an increased hue denoting a stronger score.
Bar charts which depict an average of the binding scores per site can
also be produced.

Analytic ultracentrifugation analysis

Sedimentation velocity analytical ultracentrifugation was conducted
using an An-50 Ti analytical rotor at 50,000 rpm (182,000 xg) at a
nominal temperature of 20°C in a Beckman Colter XLI analytical
ultracentrifuge using standard procedures®. CU43i was incubated with
Fc CT mixture at a nominal ratio of 2:1 (15 uM CU43i- 7.5 uM Fc dimer)
and SEC-purified CU43i and FcCT were run individually. The partial
specific volumes of each protein were calculated based on amino acid
composition using SEDFIT version 16.36 (https://spsrch.cit.nih.gov/).
Samples (0.4 mL) were loaded into 12 mm pathlength Epon double
sector cells equipped with sapphire windows with matched buffer
(20 mM HEPES 150 mM NaCl, pH 7.4) in the reference sector. The
buffer density and viscosity at 20 °C were measured using an Anton
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Parr DM4500 densitometer and Lovis 2000M viscometer. Absorbance
scans at 280 nm were initiated after reaching the target rotor speed
and collected at 4.7 min intervals. Data were corrected for scan time
errors using REDATE version 1.01°°. Data were analyzed using the
continuous c(s) distribution model*” in SEDFIT and a sedimentation
coefficient interval of O to 10 S at 0.1 S intervals. Data were fitted using
sequential simplex and Marquardt-Levenberg algorithms and max-
imum entropy regularization with a confidence interval of 0.68. The
fitted parameters were c(s), the frictional ratio (f/fo), time-invariant
noise and the meniscus position. Sedimentation coefficients were
adjusted to the standard condition of 20 °C in solvent water. Molecular
weight estimates were obtained for the dominant species from the
Svedberg equation by deconvoluting the contribution of diffusion to
the observed signal as described™.

Mass Photometry analysis

CU43i, Fc IgGl and 1:1 CU43i-Fc complex samples in Buffer PBS con-
taining an additional of 0; 0.5 or 2M NaCl, were diluted to a final
concentration of 50-100 nM (1 ul of 1-2 uM protein in 20 ul final volume)
and loaded onto a Refeyn Two™* mass photometer. Data was acquired
for 60 sec using Acquire MP software. Data analysis was performed
using Discover MP software to determine the molecular weight dis-
tribution of the protein samples. Calibration was performed using BSA.

SEC-MALS analysis of the CU43i-Fc complex

The SEC MALS configuration consisted of an isocratic pump/vial
sampler/variable wavelength 1 cm pathlength detector (1260 Infinity Il
HPLC system, Agilent Corporation) in line with a Superdex 200 10/300
GL SEC column (GE Healthcare Life Sciences), DAWN multi-angle light
scattering detector and Optilab differential refractometer (Wyatt
Corporation). A 0.1 mL mixture of 3.2 mg/mL of CU43i and 1.92 mg/mL
of Fc-CT was applied to the SEC column at 0.5 mL/min at room tem-
perature. HPLC control, data acquisition and analysis were performed
using ASTRA (version 8.1.2.1) and HPLC Connect (version 2.0; Wyatt
Corporation). DAWN measurements of scattering of vertically polar-
ized 658.3 nm GeAs laser light were made at 13 angles ranging from 34
to 134 degrees. Voltage signals from 0.5 s “slices” of the chromatogram
were converted to Rayleigh ratios, Ry, by calibrating 90-degree light
scattering with toluene according to instructions provided by the
manufacturer. Normalization of the scattering at the other angles to
the signal at 90 degrees was done using bovine serum albumin as an
isotropic scatterer. Normalization, peak alignment and correction for
band broadening were performed using ASTRA. Estimates of weight
average molecular weight, M,, were made in ASTRA using the
Berry model.

SEC-SAXS experiments

A 50 pM solution of CU43i or CM49i were incubated with 125 pM
solution of Fc-Rituximab (IgG1(Fc)) in 50 mM Tris-HCI pH 7.5,100 mM
NaCl, 2% v/v glycerol for 10 min at room temperature to form the
CUA43i-1gG1(Fc) or CM49i-IgG1(Fc) complexes. Small-Angle X-ray Scat-
tering coupled with Size Exclusion Chromatography (SEC-SAXS) data
for purified CU43i, CM49i, IgGl(Fc) and the complex mixtures of
CUA43i-1gG1(Fc) and CM49i-IgG1(Fc) in 50 mM Tris-HCI pH 7.5, 100 mM
NaCl, 2% v/v glycerol were collected on the B21 beamline of the Dia-
mond Light Source, UK. 50 L of the protein samples or the complex
mixtures were injected into a Shodex KW403-4F column and eluted at
a flow rate of 160 pL min™. Data were collected using an EigerX 4 M
detector (Dectris, CH) at a sample-detector distance of 3,720.9 mm
and awavelength of A = 0.9464 A. The range of momentum transfer of
0.045<s < 3.4nm™ was covered (s = 4msinB/A, where 6 is the scat-
tering angle). Data were processed and merged using standard pro-
cedures by the program package ScAter® and PRIMUSY. The
maximum dimensions (D,,4.), the interatomic distance distribution
functions (P(r)), and the radii of gyration (Rg) were computed using

GNOM. The ab initio multiphase reconstruction of the SAXS data of the
CU43i-IgG1(Fc)-and the CM49i-IgG1(Fc) complexes were generated
using the GASBOR*’ algorithm from ATSAS".. The results and statistics
are summarized in Supplementary Table 1.

Hydrolytic activity assays

For enzymatic endpoint assays, we incubated each enzyme with IgGl-
Fc region (complex type glycan, IgG substrate) or full-lengh IgG
(Rituximab; complex type glycan). We used all enzymes at final con-
centrations of either 5-50 nM and the reactions were run at 37 °C in
final volume of 20 pL containing 5 uM of the Fc in PBS pH 7.4, before
analyzing the progress of the enzymatic reactions by intact mass
spectrometry. The reactions were analyzed by LC-MS using an Agilent
1290 Infinity Il LC System equipped with a 50 mm PLRP-S column from
Agilent with 1000A pore size attached to an Agilent 6545XT
quadrupole-time of flight (Q-TOF) (Agilent, Santa Clara, CA). The
reactions were set up and placed in the LC-MS and the reactions were
sampled approximately every 6.5 min until they reached completion.
All reactions were performed in triplicate. Relative amounts of the
substrate and hydrolysis products were quantified after deconvolution
of the raw data and identification of the corresponding peaks using
BioConfirm10.0 (Agilent, Santa Clara, CA) as described in ref. 42.

To obtain the rate of deglycosylation on targeted mutagenesis
assays, the relative proportions of the diglycosylated, mono-
glycosylated and deglycosylated products were imported into Kintek
Global Kinetic Explorer*® as described in ref. 42. All replicates for an
experiment were fitted globally within the software.

Surface plasmon resonance (SPR)

SPR experiments were performed by using a Biacore X100 instrument
(GE Healthcare) from the Glycomics Core at Emory University. For SPR
experiments, we used a protein A sensor chip (GE Healthcare). Con-
centration series of CM49i were injected and affinity constants were
calculated. Concentration series of proteins (uM range), in HBS-EP
running buffer (10 mM HEPES, 150 mM NacCl, 0.005 % Tween 20, EDTA
3 mM) were injected over flow cells 1 and 2 for 120 s per injection and
allowed to dissociate for 600 s. Injection of IgG CT (diglycosyalted),
IgG aglycosylated (N297A) on Flow cell2 (up to 400 RU, 15 nM of IgG1)
and then injection of serial dilutions of inactive enzyme as analyte.
Protein A chip regeneration was performed by one step of 20 mM HCI
in each cycle. Affinity constants for CM49i were calculated using a
general steady-state equilibrium model in the Biacore X100 evaluation
software.

Protein thermal stability

The thermal stability of CM49 WT and mutant variant was evaluated
using nano differential scanning fluorometry (nanoDSF) method in
PBS buffer using 5-10 uM final concentration of enzyme. The sample
was loaded into standard treated capillaries and measured in the
Prometheus NT.48 instrument (NanoTemper, Munich, Germany).
Absorbance at 350/330 nm of the sample was recorded for each 1°C
increment of temperature in the range 25-90 °C. The first derivative of
the melting curves was analyzed in GraphPad Prism v.10.4 software
and the Tm of each protein in each condition were calculated.

Quantification of serum levels of CU43-Fc levels

Blood from mice was collected into gel microvette tubes, serum was
fractionated by centrifugation (10,000 x g, 5 min) and stored at 20 °C.
The serum levels of CU43-Fc were determined by ELIZA. Briefly, high-
binding 96-well microtiter plates (Nunc) were coated overnight at 4 °C
with Neutravidin (ThermoFisher, 2 pug ml™* in PBS). All subsequent steps
were performed at room temperature. Plates were blocked for 2 h with
PBS/2% (w/v) bovine serum albumin and incubated with biotinylated
goat anti-human IgG antibodies for 1h (Jackson Immunoresearch;
5pg ml™). Serum samples were serially diluted and incubated for 1h,
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followed by incubation with horseradish peroxidase-conjugated anti-
human IgG (1:5,000; Jackson Immunoresearch, Cat# 109-035-008).
Plates were developed using the 3,3',5,5-tetramethylbenzidine (TMB)
two-component peroxidase substrate kit (KPL), and reactions were
stopped with the addition of 1M phosphoric acid. Absorbance at
450 nm was immediately recorded using a SpectraMax Plus spectro-
photometer (Molecular Devices), and background absorbance from
negative control samples was subtracted.

Cells and viruses

Experiments were performed using a derivative of the HEK 293 F cell
line called “Viral Production Cells” from the ThermoFisher LV-MAX
Lentiviral Production system (Cat. No. A35684). Cells were cultured in
LV-MAX Production medium due to its ability to grow cells up to high
densities (up to 107 cells/mL). The A/Netherlands/602/09 (Neth09)
HINI virus was grown in 10-d-old specific-pathogen-free embryonated
chicken eggs (Charles River Laboratories, Wilmington, MA) as pre-
viously described**.

Animals

In vivo experiments were approved by the Rockefeller University
Institutional Animal Care and Use Committee in compliance with
federal laws and institutional guidelines. IACUC Protocol Number
23018-H. Experiments were conducted using both male and female
mice maintained in the Comparative Bioscience Center at Rockefeller
University with a 12 h day:night cycle at a controlled ambient tem-
perature (20-25 °C) and humidity (30-70%). All injections were retro-
orbital. FcyR humanized (mFcyRa™, Fcgrl”, hFcyRI*, hFcyRllapss;’,
hFcyRIIb*, hFcyRlllagss® and hFcyRIIIbY)* mice were previously
developed and fully characterized.

CD4 + T cell depletion

FcyR humanized mice were anesthetized (isoflurane (3%) in a VetFlo
high-flow vaporizer) and co-injected with the indicated dose of CU43-Fc,
CU43-Fc variants, or PBS followed by YTS191-Afucosylated (10 pg). Per-
ipheral blood was collected one day pre-injection and one- and three-
days post-injection. Blood was lysed (RBC lysis buffer; Biolegend),
resuspended in PBS containing 2% (w/v) BSA and 5mM EDTA, and
analyzed by flow cytometry using the following mixture of fluorescent
antibodies (all used at 1:250 dilution): anti-mouse CD8a (clone 53-6.7)-
FITC (BioLegend, Cat# 100737), anti-mouse CD45 (clone 30-F11)-PE/Cy7
(BioLegend, Cat# 103140), anti-mouse CDIlb (clone M1/70)-Brilliant
Violet 711 (BioLegend, Cat# 101215), anti-mouse CD4 (clone RM4-4)-PE
(BioLegend, Cat# 116005), anti-mouse CD3e (clone 145-2C11)-PerCP/
Cy5.5 (BioLegend, Cat # 100327). Flow cytometry data were collected
using an Attune NXT flow cytometer (ThermoFisher) with Attune NxT
software v.3.1.2 and analyzed using FlowJo (v.10.10) software.

Lethal influenza virus challenge assay

Lethal challenge of FcyR humanized mice with influenza virus was
performed as described previously*®. Briefly, mice (males or females;
10-18 weeks old) were anesthetized with a ketamine (75 mgkg™) and
xylazine (15 mg kg™) mixture (administered i.p.) and challenged intra-
nasally (30 pl) with 5 mLDso A/Netherlands/602/09 (Neth09) HIN1
(diluted in PBS). After the infection, mice were monitored daily, and
their weights were recorded for 14 days. Death was determined by a
20% body weight loss threshold that was authorized by the Rockefeller
University Institutional Animal Care and Use Committee. Mice were
randomized based on age and weight. Before treatment, we ensured
that the mean weight and age were comparable among the various
treatment groups.

Statistical analysis
Results from multiple experiments are presented as mean + s.e.m. One-
or two-way ANOVA was used to test for differences in the mean values

of quantitative variables, and where statistically significant effects were
found, post hoc analysis using Bonferroni (adjusted for multiple
comparisons) test was performed. A two-tailed t-test was used to test
for differences in datasets with two groups. Statistical differences
between survival rates were analyzed by comparing Kaplan-Meier
curves using the long-rank (Mantel-Cox) test. Data were analyzed with
GraphPad Prism v.10.2 software (GraphPad) and P<0.05 were con-
sidered to be statistically significant. For statistical analysis of DMS
data we used two-sided Fisher’s exact test, followed by Bonferroni
correction.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The crystallographic data of complex CU43P87ADISAECE82S generated
in this study including atomic coordinates and structure factors have
been deposited in the Protein Data Bank database under accession
code 8URO. The raw protein mass spectrometry data generated in this
study are provided in the Supplementary Data file. Accession codes
used in this study: CU43P'8AF189 (PDB code: SUEN), Fc IgG1 (PDB code:
5JIH) FcyRIIIA-Fc (PDB code: 1E4K, Clq-Fc (PDB code: 6FCZ, IdeS-Fc
(PDB code: 8A47, ProteinA-Fc (PDB code: 5U4Y, Protein G-Fc (PDB
code: 1FCC, FcRn-Fc (PDB code: 7Q15, TRIM 21-Fc (PDB code: 2IWG and
EndoS-Fc (PDB code: 8A64, EndoS2-Fc (PDB code: 8Q5U). Sequences
and data related to DMS assays were deposited in NCBI BioProject:
PRJNA1263835, NCBI, Biosample (SAMN48540644) and BioSample
(SAMN48540644). Mass spectrometry data are provided in the Sup-
plementary Data file. Source data are provided with this paper.

Code availability

Original codes are available in (https://github.com/Ortlund-
Laboratory/DMS_EndoS2_CU43_CM49/tree/main/Deposited_Data/
CU43/Snakemake_Input)  https://doi.org/10.5281/zenodo.15446472
and (https://github.com/Ortlund-Laboratory/DMS_IgG1Fc/tree/main).
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