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ABSTRACT: Lysosome-targeting chimeras (LYTACs) offer an opportunity for the degradation of extracellular and membrane-
associated proteins of interest. Here, we report an efficient chemoenzymatic method that enables a single-step and site-specific
conjugation of high-affinity mannose-6-phosphate (M6P) glycan ligands to antibodies without the need of protein engineering and
conventional click reactions that would introduce “unnatural” moieties, yielding homogeneous antibody-M6P glycan conjugates for
targeted degradation of membrane-associated proteins. Using trastuzumab and cetuximab as model antibodies, we showed that the
wild-type endoglycosidase S (Endo-S) could efficiently perform the antibody deglycosylation and simultaneous transfer of an M6P−
glycan from a synthetic M6P−glycan oxazoline to the deglycosylated antibody in a one-pot manner, giving structurally well-defined
antibody−M6P glycan conjugates. A two-step procedure, using wild-type Endo-S2 for deglycosylation followed by transglycosylation
with an Endo-S2 mutant (D184M), was also efficient to provide M6P glycan−antibody conjugates. The chemoenzymatic approach
was highly specific for Fc glycan remodeling when both Fc and Fab domains were glycosylated, as exemplified by the selective Fc-
glycan remodeling of cetuximab. SPR binding analysis indicated that the M6P conjugates possessed a nanomolar range of binding
affinities for the cation-independent mannose-6-phosphate receptor (CI-MPR). Preliminary cell-based assays showed that the M6P−
trastuzumab and M6P−cetuximab conjugates were able to selectively degrade the membrane-associated HER2 and EGFR,
respectively. This modular glycan-remodeling strategy is expected to find wide applications for antibody-based lysosome-targeted
degradation of extracellular and membrane proteins.

■ INTRODUCTION

Proteolysis targeting chimeras (PROTACs)1−3 that degrade
proteins of interest through the ubiquitin−proteasome system
have been successfully employed in the degradation of different
types of target proteins related to various diseases, including
cancer,4−6 viral infection,7 immune disorders,8,9 and neuro-
degenerative diseases.10 Different from the competitive- and
occupancy-driven process of traditional inhibitors, PROTACs
require only a transient interaction with the target protein and
promote its degradation catalytically.11 However, this strategy
is limited to targeting engagement within the cells for
ubiquitination,12 leaving many membrane and extracellular
proteins untargetable, thus the development of complementary

strategies that include proteins without cytosolic binding
domains is greatly needed.
Lysosomes are another major destination for protein

degradation through autophagy and endocytosis.13 Unlike
the proteasomal pathway, the lysosomal pathway for protein
degradation is not limited to proteins that have intracellular
domains. In 2020, Bertozzi et al. reported a novel strategy that

Special Issue: Chemical Glycobiology

Received: September 26, 2021
Accepted: March 14, 2022

Articlespubs.acs.org/acschemicalbiology

© XXXX American Chemical Society
A

https://doi.org/10.1021/acschembio.1c00751
ACS Chem. Biol. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
L

IF
O

R
N

IA
 S

A
N

 D
IE

G
O

 o
n 

O
ct

ob
er

 7
, 2

02
2 

at
 1

5:
38

:1
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huiying+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jia+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chong+Ou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+C.+Donahue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Musleh+M.+Muthana"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lishan+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lai-Xi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lai-Xi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acschembio.1c00751&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00751?ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00751?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00751?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00751?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00751?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00751?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00751?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00751?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acbcct/current?ref=pdf
https://pubs.acs.org/toc/acbcct/current?ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acschembio.1c00751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acschemicalbiology?ref=pdf
https://pubs.acs.org/acschemicalbiology?ref=pdf


explores lysosome-targeting chimeras (LYTACs) for degrada-
tion of extracellular and membrane-associated proteins through
engagement of the cation-independent mannose-6-phosphate
receptor (CI-MPR) expressed on the cell surface and
lysosomes.14 The initial LYTACs consist of a small molecule
or a specific antibody conjugated with a synthetic polypeptide
carrying multiple C-linked mannose-6-phosphate (M6Pn)
moieties for engaging the CI-MPR. The study provides proof
of concept examples establishing a promising strategy for
targeting extracellular and/or membrane-associated proteins
for lysosomal degradation.14 Nevertheless, the first-generation
CI-MPR-based LYTACs have relied on a random conjugation
of the M6P-containing polypeptides to the antibodies, and the
M6P-containing polypeptides synthesized are also heteroge-
neous, resulting in heterogeneous antibody−ligand conjugates
that will complicate the downstream structure−activity
relationship studies and pharmacokinetic analysis.14,15 More
recently, several groups have extended the LYTACs strategy to
engaging the asialoglycoprotein receptor (ASGPR), another
lysosomal targeting receptor primarily expressed on hepato-
cytes, for delivering extracellular proteins of interest to liver
cells for degradation.16−19 These LYTACS are bifunctional
molecules composed of special tri-GalNAc ligands to engage
the ASGPR and a small molecule binder or specific antibody to
recognize the target protein. For the construction of the
antibody-based LYTACs, the tri-GalNAc ligands have been
linked to the antibody either by nonspecific lysine conjugation
to give mixtures of heterogeneous antibody conjugates17,18 or
through a site-specific conjugation at the Fc domain involving
genetic encoding of a reactive aldehyde handle on a specific
site of the antibody followed by conjugation with the tri-
GalNAc ligand via the oxime chemistry.18 It has been shown
that the homogeneous cetuximab−tri−GalNAc conjugates
obtained by the site-specific conjugation demonstrate
improved pharmacokinetic properties in vivo over the
heterogeneous antibody conjugates.18 This site-specific con-
jugation method should also be applicable for constructing

antibody−M6P conjugates. Nevertheless, this site-specific
antibody conjugation method requires genetic protein
engineering of each antibody to encode the unnatural handle
for subsequent ligand conjugation.
Various site-specific antibody conjugation methods have

been explored in recent years, including antibody engineering
for introducing a clickable handle and Fc glycan-mediated
conjugation, for producing structurally well-defined homoge-
neous antibody−drug conjugates for improved stability,
optimal pharmacokinetic properties, and overall effi-
cacy.15,20−24 Theoretically, most of these methods could be
applied for making the LYTACs carrying the ligands for CI-
MPR or ASGPR. In the present study, we sought to establish a
general method for direct site-specific introduction of high-
affinity M6P glycan ligands into an antibody to produce M6P
ligand-based LYTACs that will have three features: (a) no
need for protein engineering of the antibody for introducing a
clickable handle, (b) no requirement of click chemistry that
would introduce “unnatural moieties” in the construct, and (c)
high-affinity “natural” M6P ligands instead of the unnatural,
heterogeneous M6P-glycopeptide polymeric ligand (Figure 1).
The Fairbank group and our lab have previously reported that
some synthetic M6P oligosaccharide oxazolines corresponding
to the N-glycan core could be transferred by endoglycosidase
Endo-A and Endo-M for glycan remodeling of glycopro-
teins.25,26 It has been shown that a single M6P moiety located
at the low α-1,3-branch of the N-glycan context is sufficient for
a high-affinity binding to receptor CI-MPR, while the presence
of an M6P moiety at the α-1,6-branch is dispensable.26 More
recently, we have synthesized an expanded panel of
phosphorylated N-glycan oxazolines and have identified a
minimal natural N-glycan structure carrying the essential
Man6P-α1,2-Man moiety as a high-affinity ligand for CI-MPR.
This minimal M6P glycan ligand has been successfully used for
Endo-A and Endo-F3-catalyzed glycan remodeling of the
recombinant human α-glucosidase (lumizyme).27 The M6P
glycan-remodeled lumizyme has shown improved cellular

Figure 1. Lysosome-targeting chimera (LYTAC) strategy employing CI-MPR-mediated trafficking of extracellular proteins to lysosomes. (a) The
conjugation method reported by Bertozzi et al.14 (b) The site-specific chemoenzymatic method described in the present study.
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uptake and significantly enhanced lysosomal degradation of
glycogen in comparison with the lumizyme itself.27 On the
other hand, we have previously reported that novel
glycosynthase mutants derived from a class of bacterial
endoglycosidases, including Endo-S, Endo-S2, and Endo-F3,
can take native and azide-modified N-glycan oxazolines as
donor substrates for transglycosylation of deglycosylated
antibodies to give homogeneous antibody glycoforms.28−35

However, it is unclear if any of the above endoglycosidases
could act on phosphorylated glycan oxazolines for antibody
glycan remodeling, and if glycan remodeling is successful, the
ability of the resulting antibody−M6P ligand conjugates, in
which the M6P glycan is directly attached at the Fc
glycosylation site, to recognize CI-MPR and to mediate
targeted protein degradation has to be verified. We describe
here the screening of a panel of endoglycosidases for their
ability to transfer the M6P glycan ligands to therapeutic
antibodies including trastuzumab (an anti-HER2 antibody)
and cetuzumab (an anti-EGFR antibody), as well as the cell-
based evaluation of the resulting homogeneous antibody−M6P
glycan conjugates for targeted protein degradation. We found
that only the Endo-S and Endo-S2 enzymes, but not other
endoglycosidases tested, could efficiently use the synthetic
phosphorylated glycan oxazolines as donor substrates for
antibody glycan remodeling, enabling a highly efficient and
site-selective bioconjugation of a high-affinity M6P glycan
ligand to the antibody at the highly conserved Fc glycosylation
site. The resulting homogeneous antibody−M6P ligand
conjugates showed potent binding affinity for the M6P
receptor, CI-MPR. A cell-based study demonstrated that the
M6P glycan conjugates of cetuximab and trastuzumab could
efficiently degrade cell-surface EGFR and HER2, respectively.
The present study establishes a general chemoenzymatic
method for constructing structurally well-defined antibody−
M6P glycan conjugates from “off-the-shelf” IgG antibodies as
LYTACs for CI-MPR mediated targeted protein degradation.

■ RESULTS AND DISCUSSION

Screening of Endoglycosidases for Site-Specific
Enzymatic Transfer of Phosphorylated Glycans to
Antibodies. We have recently identified the phosphorylated
tetrasaccharide oxazoline (1) corresponding to the α-1,3-
branch of the N-glycans as a good substrate of wild-type Endo-
A and Endo-F3 for transglycosylation to yield high-affinity
ligands for CI-MPR.27 To test if this M6P-glycan oxazoline can
be efficiently transferred to an intact antibody by an enzyme,
we sought to screen a panel of endoglycosidases using the
deglycosylated trastuzumab (Herceptin) as the acceptor and
the phosphorylated tetrasaccharide oxazoline (1) as the donor
substrate. The results are summarized in Table 1. We started
from wild-type Endo S that has been previously found to be
active and specific for Fc deglycosylation of intact IgG
antibodies and also for enzymatic transfer of truncated N-
glycans.28,32,36 With a catalytic amount of enzyme (0.2% w/w),
we found that Endo S-WT was quite efficient for trans-
glycosylation, and the reaction went to completion within 2 h
when a total of 30 mol equiv of the M6P tetrasaccharide
oxazoline (1) was added in two portions. Only marginal (less
than 1%) hydrolysis of the attached glycans was observed
under this condition, which allowed for the accumulation of
product. Considering the potent transglycosylation activity,
together with its efficient hydrolysis of the complex-type N-
glycans from the commercial antibody, wild-type Endo-S
provides a practical one-pot strategy for remodeling of
heterogeneous glycoforms of the antibody to produce a
homogeneous M6P−antibody conjugate, as the deglycosyla-
tion and transglycosylation could be performed in a one-pot
manner without the need of isolating the wild-type enzyme and
the deglycosylated antibody intermediate. We then tested its
mutant, Endo-S D233Q, which could efficiently transfer large
biantennary glycan oxazolines to antibodies.28 We found that
the enzymatic reaction with the D233Q mutant was much
slower than that of the wild type Endo-S, and it required a
larger amount of enzyme and sugar oxazoline to drive the
reaction to completion. Endo-S2, another endoglycosidase

Table 1. Screening of the Transglycosylation Conditions

transglycosylation

ENGases oxazoline (eq)a enzyme (w/w) time conversion yield product hydrolysis

Endo-S 20 + 10 0.2% 2 h 98% <1%d

Endo-S D233Q 20 + 20 2% 2 h 75% no
Endo-S2 20 + 10 0.1% 2 h 70%b 15%d

Endo-S2 D184M 10 0.1%∼0.2% 1 h 98% <1%d

Endo-F3 20 + 20 10% 2 h 55% no
Endo-F3 D165A 20 10% 3 h 10% no
Endo-A 20 10% 3 h <5%c −e

Endo-D 20 10% 3 h <5%c −e

Endo-CC 20 10% 3 h <5%c −e
aBased on the reaction sites. bDue to simultaneous hydrolysis of the transglycosylation product by the wild-type enzyme. cNonfucosylated
trastuzumab was used. dAfter 3 h at RT. eNot determined.
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from the Streptococcus pyogenes of serotype M49,37 also
exhibited rapid transglycosylation of the phosphorylated glycan
(1) to the antibody when a catalytic amount of enzyme (0.1%,
w/w) was used. But it was found that the wild-type Endo-S2
also hydrolyzed the glycan oxazoline (1) rapidly, although its
hydrolysis of the resulting “ground-state” transglycosylation
product was relatively slow. Thus, the wild type Endo-S2 was
less efficient in this case than the Endo-S enzyme. To reduce
the hydrolysis of glycan oxazoline substrate, we tested the
D184 M mutant of Endo-S2, a glycosynthase with broad
substrate specificity and diminished hydrolytic activity.29 We
found that the D184 M mutant exhibited excellent trans-
glycosylation activity. With a catalytic amount of the enzyme
(0.1−0.2% w/w) and even reduced equivalents of the
oxazoline (1) (10 equiv), the reaction went on smoothly to
afford the transglycosylation product within 1 h. As expected,
no additional oxazoline was needed, and the transglycosylation
product was resistant to hydrolysis by the mutant. Thus, the
Endo-S2 D184 M mutant provided another practical method
for the production of M6P-containing antibodies. In addition
to Endo-S and Endo-S2 and their mutants, we also tested
several other endoglycosidases. Endo-F3, which prefers to
hydrolyze core-fucosylated complex-type N-glycans30 and has
been successfully used for the M6P-glycan remodeling of a
multiply glycosylated protein,27 showed only a slow trans-
glycosylation, even when a large amount of enzyme (10%, w/

w) was added. The Endo-F3 D165A mutant, a glycosynthase
mutant that has been used for remodeling of both Fab and Fc
glycans of a therapeutic antibody,33 did not show apparent
activity toward this phosphorylated tetrasaccharide, as only a
trace amount of the transglycosylation product was detected
(Table 1). As for Endo-A, Endo-D, and Endo-CC that prefer
nonfucosylated substrates, the GNF-trastuzumab (2) was
treated with a fucosidase (BfFucH) to produce an afucosylated
Fc glycoform. However, all three of these enzymes could not
yield any product even when a large amount of the enzyme
(10%, w/w) was used (Table 1). Taken together, our results
suggest that the wild-type Endo-S and the glycosynthase
mutant (D184M) of Endo-S2 are the best enzymes for
antibody bioconjugation using the synthetic phosphorylated
N-glycan oxazoline (1) as the donor substrate, and the wild-
type Endo-S could perform simultaneous deglycosylation and
glycosylation, allowing a one-pot bioconjugation with an M6P
glycan ligand to produce a homogeneous antibody−M6P
glycan conjugate.

Evaluation of Additional M6P−Glycan Oxazolines As
Donor Substrates for Antibody Glycan Remodeling.
After identifying the D184 M mutant of Endo-S2 as an efficient
mutant for glycosylation of trastuzumab with synthetic M6P-
tetrasaccharide oxazoline (1), we examined and compared the
glycosylation of the deglycosylated trastuzumab with two
additional phosphorylated N-glycan oxazolines (4 and 5) that

Scheme 1. Chemoenzymatic Glycan Remodeling of Trastuzumab with Phosphorylated Glycan Oxazolinesa

aThe reactions were conducted in PBS buffer, and the yields were based on protein A purification. (a) 10 equiv of oxazoline with an antibody
concentration of 10 mg/mL; (b) 30 equiv of oxazoline with an antibody concentration of 20 mg/mL.
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we have previously synthesized.26 As expected, the D184 M
mutant of Endo-S2 could efficiently act on glycan oxazoline 1
to produce the glycoform (3) carrying the corresponding
M6P-containing N-glycan at the Fc domain (Scheme 1). The
D184 M mutant could also use the larger bis-phosphorylated
glycans (4 and 5) as donor substrates for transfer to give the

two M6P antibody glycoforms (6 and 7), respectively, but a
relatively large amount of enzyme and higher concentration of
the antibody were required to drive the reaction to completion.
These results suggest that the glycan oxazolines carrying two
M6P moieties are not as good as the M6P tetrasaccharide
oxazoline (1) as the donor substrate. Nevertheless, the data

Scheme 2. Chemoenzymatic Glycan Remodeling of Cetuximaba

aThe reactions were conducted in PBS buffer, and the yields were based on protein A purification. (a) 10 eqiuv of the glycan oxazoline (1) and an
antibody concentration of 10 mg/mL were used. (b) 30 equiv of the glycan oxazoline (5) and an antibody concentration of 20 mg/mL were used.

Figure 2. MALDI-TOF-MS analysis (positive-ion mode) of the Fc and Fab N-glycans of the commercial cetuximab and the glycoengineered
cetuximab (9). The Fab and Fc domains were disconnected by IdeS treatment followed by protein L separation. The N-glycans were then released
by PNGase F treatment, followed by permethylation before MALDI-TOF MS analysis, except for the M6P-containing glycan, which resulted in a
loss of the phosphate group. (a) Fab glycans from commercial cetuximab; (b) Fc glycans from commercial cetuximab; (c) Fab glycans from
glycoengineered cetuximab 9; (d) Fc glycans from glycoengineered cetuximab 9 (without permethylation).
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indicate that the Endo-S2 mutant can tolerate the modifica-
tions on the glycans to afford antibody glycoforms with
different patterns of phosphorylation. The antibody products
were purified on a protein A column, and their identities were
confirmed by LC-ESI-MS analysis (Figures S1−S3). Finally,
excess glycan oxazolines were recovered in the form of free
oligosaccharides during purification, which were readily
converted into the glycan oxazolines in a single step with
DMC/Et3N,38 thus permitting the recycling of glycan
oxazolines for transglycosylation.
In addition to trastuzumab, we also performed M6P-glycan

remodeling of cetuximab (Scheme 2), a therapeutic antibody
that targets the epidermal growth factor receptor (EGFR) for
the treatment of colorectal cancer and squamous-cell
carcinoma.39 Cetuximab is glycosylated in both Fab and Fc
domains with tremendous heterogeneity in the N-glycan
structures.40 Previous studies have shown that wild-type
Endo-S2 is highly specific for hydrolyzing the Fc glycans.33

Thus, the commercial cetuximab was first treated with wild-
type Endo-S2 to produce the deglycosylated Fc glycoform.
Then, the resulting GNF−cetuximab (8) was used as an
acceptor for Endo-S2 D184M-catalyzed transglycosylation with
glycan oxazoline 1 and 5, affording the M6P−glycan
remodeled cetuximab 9 and 10, respectively. We found that
the M6P−glycan remodeling of cetuximab was equally as

efficient as that of trastuzumab, and the products (9 and 10)
were isolated in over 90% yield after protein A purification. To
further verify that the M6P glycans were specifically conjugated
to the Fc domain, the antibody products (9 and 10) were
digested with the protease IdeS followed by LC-ESI-MS
analysis of the Fab and Fc domains.41 LC-ESI-MS analysis
showed that the change of molecular weight of the Fc domain
monomer was consistent with the attachment of the
corresponding M6P glycan in antibodies 9 and 10,
respectively, but the Fab domains appeared as a mixture of
glycoforms that did not change before and after the enzymatic
glycoengineering procedures (Figures S4 and S5). These
results confirm that the chemoenzymatic glycan remodeling
approach is highly selective at the Fc domain without
modification of the Fab domains. In addition, MALDI-TOF
MS analysis of the N-glycans released from the Fc and Fab
domains of antibody 9 further confirmed that the Fc domain of
9 carried a single M6P glycan, while the Fab glycans were
intact before and after the glycan remodeling (Figure 2).

SPR Binding Studies. Next, we evaluated the binding
affinities of the M6P-modified antibodies to the lysosomal-
targeting receptor (CI-MPR) using the SPR technology. We
found that the antibodies carrying the M6P tetrasaccharide
moiety corresponding to the α-1,3-branch (3 and 9) and the
bis-phosphorylated heptasaccharide moiety (7 and 10) showed

Figure 3. SPR binding data of the CI-MPR with M6P-containing antibodies. The analytes were flowed over an immobilized chip with 2-fold serial
dilution of the highest concentration of 500 nM. The sensorgrams are representative of two independent experiments.
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high-affinity for the M6P receptor, CI-MPR (Figure 3). In the
case of trastuzumab, the KD values of binding were determined
to be 28.6 nM and 5.4 nM for glycoforms 3 and 7, respectively.
The data suggest that the affinity of the glycoform (7) carrying
the bis-phosphorylated heptasaccharide moiety was about 4-
fold higher than that of the glycoform (3) carrying the M6P
tetrasaccharide moiety. On the other hand, the KD values for
the two cetuximab glycoforms (9 and 10) were 70.3 nM and
29.6 nM, respectively. Thus, the affinity of the glycoform (10)
carrying the large bis-phosphorylated N-glycan was about 2-
fold that of the one carrying the smaller M6P tetrasaccahride
moiety (9). These data suggest that the nature of the antibody
context also has a moderate effect on the affinity of the
attached M6P glycan for the M6P receptor (CI-MPR).
Interestingly, the antibody glycoform carrying the M6P-
Man3GlcNAc2 glycan (6) showed only weak affinity for CI-
MPR under the SPR measurement conditions. While the
global fitting using the Langmuir binding model did not give
reliable kinetic data for glycoform 6, a steady-state fitting gave
an estimated KD value of ca. 0.70 μM. This result is consistent
with our previous observation on the affinity of different M6P
glycan ligands for CI-MPR.27 Our previous structure−affinity
relationship studies of the M6P−glycopeptides have shown
that a Man6P-α1,2-Man disaccharide moiety constitutes an
essential structural motif that retains strong binding affinity for
the CI-MPR receptor. The glycopeptide carrying the M6P-
Man3GlcNAc glycan lacks this motif and shows only weak
binding to CI-MPR, with a KD of ca. 0.84 μM, the affinity of
which is much lower than that of the glycopeptides carrying
the glycan with a Man6P-α1,2-Man disaccharide moiety.27

Thus, the minimal M6P-tetrasaccharide oxazoline (1) that
carries the essential high-affinity Man6P-α1,2-Man motif and is
much easier to synthesize than the larger bis-M6P glycan

oxazoline (5) was identified as a suitable donor substrate for
direct Fc glycan remodeling to construct antibody−M6P−
glycan conjugates with high affinity for CI-MPR.

Degradation of Membrane-Associated Antigens with
the M6P Glycan-Remodeled Antibodies. We examined
two antibodies, the M6P-modified trastuzumab (3) that
recognizes HER2 and the M6P-modified cetuximab (9) that
targets EGFR, for their potential in targeted degradation of the
respective antigens in a cell-based assay. Thus, BT474 (with
endogenous HER2 expression) and HepG2 (with endogenous
EGFR expression) cell lines were treated with 3 and 9 for 48 h,
respectively, and the total antigen levels were measured by
Western blot. As indicated by independent experiments
(Figure S7), we found that M6P-modified trastuzumab (3)
could degrade about 55% of HER2 with a concentration as low
as 10 nM, while trastuzumab alone degraded HER2 at ca. 18%
(Figure 4a and b). Similar degradation of EGFR was observed
by the treatment with M6P-modified cetuximab (9), which
resulted in ca. 57% reduction of the total EGFR after
treatment, while cetuximab itself gave about 12% degradation
of the total EGFR (Figure 4c and d). The targeted degradation
of EGFR by the cetuximab-M6P glycan conjugate (9)
produced in the present method was comparable to the
cetuximab conjugate carrying the polymeric M6Pn-glycopep-
tides, where ca. 70% EGFR degradation was observed.14

We also performed a preliminary analysis of cell surface
HER2 and EGFR by flow cytometry after the cells were treated
with native or M6P-modified antibodies (Figure S8). The
results showed that both unmodified and M6P-modified
trastuzumab could significantly reduce surface HER2 and the
M6P-trastuzumab demonstrated further reduction of cell
surface HER2 in comparison with the unmodified tratuzumab.
This result was consistent with previous report that anti-HER2

Figure 4. Western blot analysis of total HER2 and EGFR levels. Cells were treated with native or M6P-modified antibodies at a final concentration
of 10 nM, then lysed in RIPA buffer after 48 h. Cells without antibody treatment were set as a control. (a) Representative degradation of HER2 by
treatment with trastuzumab or 3. (b) HER2 levels after treatment with trastuzumab or 3. (c) Representative degradation of EGFR by treatment
with cetuximab or 9. (d) EGFR levels after treatment with cetuximab or 9. All assays were performed in triplicate. P values were determined by one-
way ANOVA multiple comparison tests. NS, not significant; a P value of >0.05 was considered not significant.
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antibodies such as trastuzumab could efficiently internalize
surface HER2 into cells, leading to up to a 50% reduction after
treatment with trastuzumab for 2 h.42,43 However, the
significant reduced total HER2 by M6P-modified trastuzumab
(3) over the unmodified trastuzumab, as indicated by the
Western blot (Figure 4a and b), suggests that only the M6P-
modified trastuzumab led to eventual degradation of the
internalized HER2. In the case of M6P-modified cetuximab, a
significant reduction of cell surface EGFR by both unmodified
and M6P-modified cetuximab was also observed (Figure S8).
However, this result was unexpected, as a previous report has
shown that cetuximab alone triggers very little endocytosis of
cell surface EGFR.44,45 To address this apparent discrepancy,
we performed a competitive binding analysis of cetuximab with
the detecting PE antihuman EGFR antibody (BioLegend,
Cat.# 352903). We found that cetuximab showed apparent
competitive binding with the detecting antibody (Figure S9),
resulting in significant underestimated quantitation of cell
surface EGFR. Thus, the result shown in Figure S8c and d did
not reflect the actual level of cell surface EGFR after cetuximab
treatment. An anti-EGFR detecting antibody that would not
compete with cetuximab should be used for the flow
cytometry. Nevertheless, both the M6P-modified trastuzumab
(3) and M6P-modified cetuximab (9) showed much better
effects than the unmodified antibodies on reducing the total
HER2 and EGFR, respectively, as probed by Western blot
analysis (Figure 4). The data suggest that the M6P-modified
antibodies could efficiently drive the antigens to lysosomes for
degradation. These results confirm the feasibility of the
structurally well-defined M6P glycan remodeled antibodies,
prepared by the present single-step glycan remodeling method,
for degradation of membrane-associated proteins. Future work
will be directed to identifying more potent M6P glycan ligands
for the chemoenzymatic glycan remodeling of antibodies and
to testing an expanded panel of antibodies for examining the
LYTAC approach.

■ CONCLUSION

A highly efficient chemoenzymatic method for site-specific
bioconjugation of high-affinity M6P glycan ligands to antibod-
ies is established. The method provides structurally well-
defined homogeneous M6P glycan−antibody conjugates that
show high affinity for the CI-MPR. The preliminary cell-based
assays indicate that the M6P−trastuzumab and M6P−
cetuximab conjugates can selectively degrade the membrane-
associated HER2 and EGFR, respectively. This study provides
the first example of endoglycosidase-catalyzed transfer of
synthetic phosphorylated N-glycans to antibodies. This
modular glycan-remodeling strategy enables the construction
of homogeneous antibody−M6P−glycan conjugates in a
single-step and site-specific manner without the need of
protein engineering and conventional click reactions that
would introduce “unnatural” moieties. It is expected that this
method could be equally applicable to other antibodies to
generate M6P−antibody conjugates for targeted degradation of
extracellular and membrane proteins of interest.

■ METHODS
Enzymatic Glycosylation of the Deglycosylated Antibodies

with Phosphorylated Glycan Oxazolines As the Donor
Substrates. General. LC-ESI-MS analysis was performed on an
Ultimate 3000 HPLC system coupled to an Exactive Plus Orbitrap
mass spectrometer (Thermo Fischer Scientific) with a C4 (whole

antibody, gradient, 5−95% aq MeCN containing 0.1% FA for 6 min,
0.4 mL/min) or C8 (IdeS digestion, gradient, 25−35% aq MeCN
containing 0.1% FA for 6 min, 0.4 mL/min) column. Deconvolution
data were transformed with MagTran software.

Synthesis of Trastuzumab M6P−Glycoform 3. A solution of the
deglycosylated trastuzumab (2; 2.1 mg) and oxazoline 1 (220 μg, 10
eq per reaction site) was incubated with Endo S2-D184 M (2.1 μg) at
25 °C in 210 μL of 150 mM PBS buffer (pH = 7.2), and the reaction
was monitored by LC-ESI-MS of the aliquots. Within 2 h, LC-ESI-MS
analysis indicated the completion of the transglycosylation; the
product was purified using protein A chromatography to give 3 (2.0
mg, 95%). ESI-MS, calculated for whole antibody: M = 147 403 Da.
Found (m/z): 147 406 (deconvolution data). Calculated for the Fc
monomer after IdeS digestion: M = 24903 Da. Found (m/z): 24 904
(deconvolution data).

Synthesis of Trastuzumab M6P−Glycoform 6. A solution of the
deglycosylated trastuzumab (2; 300 μg) and oxazoline 4 (70 μg, 20
equiv per reaction site) was incubated with Endo S2-D184 M (15 μg)
at 25 °C in 15 μL of 150 mM PBS buffer (pH = 7.2), and the reaction
was monitored with LC-ESI-MS of the aliquots. After 1 h, another
portion of oxazoline 4 (35 μg, 10 eq per reaction site) was added, and
the reaction was carried out for another 30 min when LC-ESI-MS
indicated the completion of transglycosylation. The product was
purified on a protein A column to give 6 (285 μg, 95%). ESI-MS
calculated for whole antibody: M = 147563 Da. Found (m/z):
147 564 (deconvolution data). Calculated for the Fc monomer after
IdeS digestion: M = 24983 Da. Found (m/z): 24 984 (deconvolution
data).

Synthesis of Trastuzumab M6P−Glycoform 7. A solution of the
deglycosylated trastuzumab (2; 300 μg) and oxazoline 5 (110 μg, 20
equiv per reaction site) was incubated with Endo S2-D184 M (15 μg)
at 25 °C in 15 μL of 150 mM PBS buffer (pH = 7.2), and the reaction
was monitored by LC-ESI-MS of the aliquots. After 1 h, another
portion of oxazoline 5 (55 μg, 10 eq per reaction site) was added, and
the reaction was run for another 30 min when LC-ESI-MS indicated
the completion of the transglycosylation reaction. The product was
purified using protein A chromatography to give 7 (270 μg, 90%).
ESI-MS calculated for whole antibody: M = 148535 Da. Found (m/
z): 148 537 (deconvolution data). Calculated for the Fc monomer
after IdeS digestion: M = 25 470 Da. Found (m/z): 25 470
(deconvolution data).

Synthesis of Cetuximab M6P−Glycoform 9. A solution of the
deglycosylated cutuximab (8; 2.1 mg) and the M6P tetrasaccharide
oxazoline (1; 220 μg, 20 equiv per reaction site) was incubated with
Endo S2-D184 M (3.0 μg) at 25 °C in 210 μL of 150 mM PBS buffer
(pH = 7.2), and the reaction was monitored by LC-ESI-MS of the
aliquots. The reaction was complete after 2 h, and the product was
purified using protein A chromatography to give 9 (1.9 mg, 90%).
ESI-MS calculated for the Fc monomer after IdeS digestion: M =
24903 Da. Found (m/z): 24 904 (deconvolution data).

Synthesis of Cetuximab M6P−Glycoform 10. A solution of the
deglycosylated cutuximab (8; 300 μg) and the glycan oxazoline (5;
110 μg, 20 equiv per reaction site) was incubated with Endo S2-D184
M (15 μg) at 25 °C in 15 μL of 150 mM PBS buffer (pH = 7.2), and
the reaction was monitored using LC-ESI-MS of the aliquots. After 1
h, another portion of oxazoline 5 (55 μg, 10 eq per reaction site) was
added, and the mixture was incubated for another 30 min when LC-
ESI-MS indicated the completion of the reaction. The product was
purified using protein A chromatography to give 10 (270 μg, 90%).
ESI-MS calculated for the Fc monomer after IdeS digestion: M =
25470 Da. Found (m/z): 25 470 (deconvolution data).

Surface Plasmon Resonance (SPR) Measurements. SPR
experiments were performed on a Biacore T200 instrument (GE
Healthcare). Recombinant human IGF-II R (CI-MPR) was purchased
from R&D Systems. Approximately 6000 resonance units (RU) of CI-
MPR were immobilized on a CM5 sensor chip in a sodium acetate
buffer (25 μg/mL, pH 4.0) at 25 °C, using the amine coupling kit
provided by the manufacturer. M6P-modified antibodies were
determined at 25 °C under a flow rate of 10 μL/min. HBS-P+ buffer
(10 mM HEPES, 150 mM NaCl, 0.05% surfactant P20, pH 7.4) was
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used as the sample buffer and running buffer. Association was
measured for 3 min and dissociation for 10 min at the same flow rate
(10 μL/min). The surface regeneration was performed using 2 M
MgCl2 at a flow rate of 10 μL/min for 60 s. Antibody analytes were
flowed over an immobilized chip with 2-fold serial dilution of the
highest concentration of 500 nM. Kinetic analyses were performed by
global fitting of the binding data to a 1:1 Langmuir binding model
using BIAcore T200 evaluation software.
Western Blot. BT474 (ATCC HTB-20) or HepG2 (ATCC HB-

8065) cells were treated with native or M6P-modified antibodies at a
final concentration of 10 nM; whole-cell lysate in Laemmli sample
buffer was subjected to SDS-PAGE and Western blotting. The
primary antibodies used in this study were against EGFR (Cell
Signaling Technology), HER2 (Cell Signaling Technology), and beta-
actin (Life Technology). Horseradish peroxidase-conjugated anti-
rabbit IgG was used in this study as the secondary antibody. The
specific reactions were detected with chemiluminescence substrate,
and the signal was recorded digitally using the ChemiDoc MP
Imaging System (Bio-Rad). Relative band intensity was calculated
using ImageJ software (NIH). All statistical analysis was performed
with one-way ANOVA multiple comparison tests. A P value of >0.05
was considered “not significant”.
Flow Cytometry. HER2 or EGFR expression on the target cell

surface was examined by flow cytometry. BT474 or HepG2 cells were
trypsinized, centrifuged for 5 min at 2000 rpm, then washed with PBS.
Cells were stained with PE conjugated antihuman CD340 (erbB2/
HER2) antibody (BioLegend, Cat.# 324405), PE conjugated
antihuman EGFR (BioLegend, Cat.# 352903), and the PE conjugated
isotype control antibody in PBS at 4 °C for 30 min. After staining,
cells were washed with PBS, then fixed with 2.5% formalin. Flow
cytometry was performed using a FACSCanto II cell sorter (BD);
data were analyzed using FlowJo software (BD).
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