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Abstract: Live cell imaging of protein-specific glycoforms is
important for the elucidation of glycosylation mechanisms and
identification of disease states. The currently used metabolic
oligosaccharide engineering (MOE) technology permits rou-
tinely global chemical remodeling (GCM) for carbohydrate
site of interest, but can exert unnecessary whole-cell scale
perturbation and generate unpredictable metabolic efficiency
issue. A localized chemical remodeling (LCM) strategy for
efficient and reliable access to protein-specific glycoform
information is reported. The proof-of-concept protocol devel-
oped for MUCI-specific terminal galactose/N-acetylgalactos-
amine (Gal/GalNAc) combines affinity binding, off-on switch-
able catalytic activity, and proximity catalysis to create
a reactive handle for bioorthogonal labeling and imaging.
Noteworthy assay features associated with LCM as compared
with MOE include minimum target cell perturbation, short
reaction timeframe, effectiveness as a molecular ruler, and
quantitative analysis capability.

P rotein glycosylation is a ubiquitous post-translational,
diversity-generating covalent modification process.! The
glycosylation pattern of a protein, as characterized by the
population of glycoforms, is subject to elaborate control by
cellular synthetic machinery® and in turn, defines the
biological functions of a protein® and the recognition and
signaling properties of a cell.® A hallmark of protein
glycosylation is its highly dynamic and adaptive nature in
response to the physiological state of a cell.l"¥ Live cell
imaging of protein-specific glycoform in an in situ fashion can
therefore not only help to advance the understanding of
glycosylation pathways and functions but also provide
a potentially working channel for diagnostic and therapeutic
usage.*!

Metabolic oligosaccharide engineering (MOE) has been
the tour de force tool developed for glycoform imaging.”’ This
ingenious approach permits system-level incorporation of
reactive unnatural carbohydrate moiety for subsequent bio-
orthogonal elaboration with one assay probe,* and protein-
specific tagging of the other probe is achieved through either
protein fusion™" or affinity binding;**¥ a distance-depen-
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dent physical process between two probes, such as Forster
resonance energy transfer, is then used to confine detection to
the intra-glycoprotein spacing level and can therefore report
on the glycoform associated with a particular protein.["
However, despite the exciting progress witnessed in this
promising field, drawbacks are apparent when using MOE as
a protein-specific glycoform imaging tool. MOE is a non-
selective, global chemical remodeling (GCM) technology
exerting unnecessary perturbation on the whole-cell scale,
which creates essentially a cell in a different physiological
state, and therefore, the originally targeted native cell is no
longer available for examination. Although tolerance of
unnatural carbohydrate analogue at the enzyme level is
clear, metabolic delivery at the cellular level is a complex,
poorly understood process, leading inevitably to unpredict-
able metabolic efficiency and installation percentage issues.
This unpredictability renders it problematic to translate
glycoform data acquired on a cell in its metabolically altered
state to the corresponding information for the native cell and
as a consequence, comparison among cells in different
physiological states and across cell lines can become a formi-
dable challenge.

With these inadequacies in mind, we embarked on an
endeavor to develop a protein-specific imaging strategy that
both minimizes perturbation on the cell and allows straight-
forward interpretation of the glycoform data. Ideally, the
perturbation should be applied only at the to-be-probed
carbohydrate site of interest, and glycoform information
acquired through a well-defined chemical transformation can
be representative of and proportionally extrapolated to the
whole protein-specific target glycoform population. Herein
we present a localized chemical remodeling (LCM) method
for live cell imaging of protein-specific glycoform (Scheme 1).
This method relies on a combination of affinity binding, off-
on switchable catalytic activity, and proximity catalysis to
create a reactive handle for bioorthogonal labeling and
imaging. Instead of relying on a physical process, LCM
essentially provides a molecular ruler that can report on
intramolecular distance by using chemical reactivity as
a reporter system.

As a proof-of-concept demonstration, we selected MUC1-
bound terminal galactose/N-acetylgalactosamine (Gal/
GalNAc) as the imaging target. MUCI is a transmembrane
glycoprotein that contains an extracellular, heavily O-glyco-
sylated variable number tandem repeat (VNTR) domain.™!
Aberrant MUCI1 glycosylation invariably observed in human
epithelial cancer cells has established its utility as a highly
sensitive diagnostic and prognostic cancer biomarker.™ Gal/
GalNAc termini have been implicated as recognition deter-
minants governing both normal physiological functions and

Wiley Online Library

An dte

Chemie

8139


http://dx.doi.org/10.1002/ange.201703406
http://dx.doi.org/10.1002/anie.201703406
http://orcid.org/0000-0001-5381-3484
http://orcid.org/0000-0001-5381-3484
https://doi.org/10.1002/anie.201703406

QDCh Communications Angydie

Localized Chemical Remodeling with a slightly higher molecular weight than GO can be
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Scheme 1. Representation of the localized chemical remodeling (LCM)
strategy for live cell imaging of protein-specific glycoform.

abnormal neoplastic progression.!"*! The achievement of
LCM requires MUCI-targeting and terminal Gal/GalNAc-
transforming assay components. S2.2°0 (Apt) is a 25-mer
DNA aptamer that exhibits the highest binding affinity to
date toward MUC1 VNTR region. Gal oxidase (GO)! is
a copper metalloenzyme capable of effecting oxidation of C6-
hydroxy group of terminal Gal/GalNAc to the corresponding
aldehyde. GO can be switched between the off and on states
by using K,[Fe(CN)y] inactivator and K;[Fe(CN)4] activator,
respectively."! An Apt-GO conjugate, comprised of Apt and
GO, can therefore be used for LCM and MUCI-specific
imaging of terminal Gal/GalNAc (Scheme 1): Apt delivery of
off-state GO (inactivated by K,[Fe(CN);]) to the cell surface
MUCT site, switch-on of GO activity (activated by K;[Fe-
(CN),]) for proximity catalysis-enabled generation of alde-
hyde on MUCI1-bound Gal/GalNAc termini, bioorthogonal
labeling (that is, hydrazone ligation with biotin hydra-
zide" 2l and recognition with streptavidin-FITC), and
imaging. It is important to note that the small size of Apt!*!
ensures the confinement of catalysis event in a protein-
specific manner.

With the LCM scheme designed, we proceeded to the
fabrication of Apt-GO. The conjugation is accomplished by
an amide bond formation between amino group of a 5’-amino-
derivatized Apt (Apt-NH,) and surface-exposed carboxyl
group of GO, with unreacted Apt-NH, removed by ultra-
filtration. Reaction with GO using 3’-FAM-functionalized
Apt-NH, (FAM-Apt-NH,) under otherwise identical condi-
tions confirms successful covalent conjugation (synthesis of
FAM-Apt-GO in this case), as evidenced by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE;
Supporting Information, Figure S1): a band exhibiting both
FAM fluorescence and Coomassie blue staining capacity and
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488 nm excitation by confocal laser scanning microscopy
(CLSM).

The feasibility of using LCM for live cell imaging of
protein-specific glycoform is then evaluated on MCF-7 cells.
As expected, GO can effect GCM of Gal/GalNAc on the
whole cell surface and further bioorthogonal labeling (reac-
tion with biotin hydrazide for 1.5 h and streptavidin-FITC for
0.5 h) allows the observation of FITC fluorescent signal at the
MCEF-7 cell periphery (Figure 1, bottom left). The same type

Fe' Fe" FITC Merged Merged

Figure 1. Demonstration of the feasibility of using LCM for live cell
imaging of MUC1-bound terminal Gal/GalNAc. CLSM images of MCF-
7 cells after 1) treatment with either GO or Apt-GO (without or with
K4[Fe(CN)¢]) and washing, 2) no treatment or treatment with K;[Fe-
(CN)g] followed by washing, and 3) bioorthogonal labeling. Excitation
wavelength for FITC fluorescence images: 488 nm; Imaging window:
500-565 nm. Scale bar: 20 um.

of FITC fluorescent signal can be identified by the replace-
ment of GO with Apt-GO, confirming the retention of GO
activity in Apt-GO (Figure 1, bottom right). The optimum
GO concentration for subsequent imaging applications is
determined to be 100 ygmL ™', as judged by the minimum
amount of GO required to reach the plateau FITC signal
intensity (Supporting Information, Figure S3). GO inactiva-
tion is a prerequisite for strictly eliminating GCM during the
Apt affinity binding process. Quantitative measurement of
GO activity as a function of K,[Fe(CN)] inactivator concen-
tration suggests 100 mM as the ideal concentration (Support-
ing Information, Figure S4). At this concentration, the GO
activity has essentially reached the minimum level and the
inactivation effect remains even after subsequent removal of
K,[Fe(CN)4]. Thus, with GO inactivation performed before
incubation with MCF-7 cells, neither GO (Figure 1, middle
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left) nor Apt-GO (Figure 1, middle right) in the off state can
catalyze Gal/GalNAc oxidation and therefore, no reactive
handle is available for bioorthogonal labeling and fluorescent
imaging. The activation of GO activity by K;[Fe(CN)]
activator has been experimentally validated previously!'!!
and can indeed be used in the LCM setting (Supporting
Information, Figure S5). Taken together, LCM as a MUCI-
specific terminal Gal/GalNAc imaging tool (Figure 1, top
right) can be achieved by 1) inactivation of Apt-GO with
100 mm K, [Fe(CN)], 2) incubation with MCF-7 cells for
0.5 h, 3)extensive washing with phosphate buffer saline
(10 mMm, pH 7.4) to remove excess Apt-GO and K,[Fe(CN)],
and 4) reactivation of Apt-GO for 0.5 h with 10 mm K;[Fe-
(CN);] for catalyzing Gal/GalNAc oxidation. A notable assay
feature for the LCM approach as compared with the MOE
method® is substantially shortened time required for chem-
ical transformation (1-2 h versus 48 hl**)), LCM is respon-
sible for the generation of FITC signal as without Apt-GO, no
FITC signal as a result of nonspecific adsorption of either
biotin hydrazide or streptavidin-FITC can be observed in the
absence or presence of either K,[Fe(CN)y] or K;[Fe(CN)g]
(Supporting Information, Figure S6). A high cell viability, as
determined from MTT assay, is maintained throughout the
LCM process and upon extended further cell culturing
(Supporting Information, Figure S7). MUCI-targeting Apt
is required for the successful implementation of LCM, as
without Apt, GO is removed at the washing step and no Gal/
GalNAc oxidation occurs on MCF-7 cell surface (Figure 1,
top left).

To confirm that MUCI-bound terminal Gal/GalNAc is
the specific site undergoing LCM, three sets of experiments
were performed (Figure 2). The MUCI glycosylation is O-
linked and therefore, inhibition of N-glycosylation pathways
should not affect the overall LCM efficiency. Treatment with
tunicamycin,* a reagent that can block the formation of
protein N-glycosidic linkages, indeed does not lead to
apparent change in the cellular FITC signal intensity when
compared with the untreated cells (Figure2A, top and
middle). The carbohydrate remodeling site specificity is
confirmed based on the rationale that if Gal/GalNAc is the
target reaction site, one should be able to inhibit LCM by
blocking GO activity with externally added p-Gal. Thus,
MCEF-7 cells are challenged with Apt-GO in the presence of
excess D-Gal. Indeed, the FITC signal intensity is markedly
decreased (Figure 2A, top and bottom), supporting Gal/
GalNAc as the LCM site. The protein site specificity is
verified by Western blot analysis on MCF-7 cells after LCM
and reaction with biotin hydrazide. An anti-MUC1 antibody
and an antibiotin antibody are used, respectively, to target
MUCI1 and Gal/GalNAc-linked biotin. A single band shows
up simultaneously on both anti-MUCI1 and antibiotin mem-
branes (Figure 2B), indicating that Gal/GalNAc undergoing
oxidation is located specifically on MUC1-bound glycans. As
a control and as expected, no band appears on the antibiotin
membrane for the pristine MCF-7 cells (Figure 2B). To
further demonstrate protein site specificity, six glycoproteins,
including three glycoproteins bearing experimentally con-
firmed terminal Gal/GalNAc (transferrin receptor,l*~
Hsp90 o.**4¢l annexin M%) (Supporting Information,
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Figure 2. Demonstration of MUCT-bound terminal Gal/GalNAc as the
LCM site. A) CLSM images of MCF-7 cells after LCM and bioorthogo-
nal labeling (top), tunicamycin-treated MCF-7 cells after LCM and
bioorthogonal labeling (middle), and MCF-7 cells after LCM and
bioorthogonal labeling, with p-Gal added at the K;[Fe(CN)q incubation
step (bottom). Scale bar: 10 um. B) Western blot diagram of cell
lysates of pristine MCF-7 cells (blank) and MCF-7 cells after LCM and
reaction with biotin hydrazide. Left lane: molecular weight markers;
Middle two lanes: with anti-MUC1 antibody; Right two lanes: with
antibiotin antibody.
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Figure S8) and three regularly encountered glycoproteins
(integrin 5, ENO1,[**1 Hsp27(**) (Supporting Informa-
tion, Figure S9), are purified with immunoprecipitation, and
none of these glycoproteins are modified under LCM
condition. As an additional control, MCF-7 cells undergoing
direct treatment with GO identifies multiple bands on the
antibiotin membrane (Supporting Information, Figure S10),
suggesting the occurrence of non-selective modification.
Consistent with this, immunoprecipitation purification of
the aforementioned six glycoproteins from GO-treated MCF-
7 cells shows that all these glycoproteins have been modified
(Supporting Information, Figures S11, S12). Taken together,
the stringent separation of binding and catalysis events,
together with the small size of Apt, ensures the efficient
achievement of LCM. Significantly, these site-specificity
verification experiments have also established LCM as an
effective molecular ruler between MUCI1 and Gal/GalNAc
because only Gal/GalNAc at the immediate vicinity of MUC1
can react and generate reactivity-based signal.

As a demonstration of the utility of the LCM protocol,
quantitative analysis of protein-specific glycoform was per-
formed. To this end, the expression level of MUCI1-bound
terminal Gal/GalNAc is measured for MCF-7 and T47D cells.
Qualitatively, the FITC signal of MCF-7 cells is apparently

A FITC Merged
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Figure 3. Quantitative analysis of MUC1-bound terminal Gal/GalNAc
across different cell lines using LCM strategy and CLSM. A) CLSM
images of MCF-7 and T47D cells after LCM and bioorthogonal label-
ing. Scale bar: 10 pm. B) The average value of fluorescence signal
intensity at the periphery of MCF-7 and T47D cells from CLSM images.
Data are represented as average + standard deviation (from five
independent measurements).
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stronger than that of T47D cells (Figure 3 A). Quantitatively,
the FITC signal intensity obtained from pixel readout of
CLSM images is 22.8 +£ 2.4 for MCF-7 cells and 9.5+ 1.0 for
T47D cells (Figure 3B). The MCF-7 to T47D relative ratio of
expression level of MUC1-bound terminal Gal/GalNAc can
therefore be calculated as 2.4.

The quantitative information on MUC1-bound terminal
Gal/GalNAc can also be collected with a high-throughput
signal readout method, that is, flow cytometry (FCM). The
average FITC signal intensity is higher for MCF-7 cells
compared with T47D cells, with a relative ratio of 2.8
(Figure 4, left), which agrees with the value from CLSM
images. The quantitative information acquired for MUC1

100 mMCF-7 blank

= T47D blank
mMCF-7

T = T47D
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g 50—

[«]

(3}

I
10°  10° 102 10° 10°  10° 102 10°
Fl/a.u.— Fl/a.u.—

Figure 4. Quantitative analysis of MUC1-bound terminal Gal/GalNAc
and MUCT across different cell lines using LCM strategy and FCM.
FCM results for MCF-7 and T47D cells after either LCM and bioorthog-
onal labeling (left) or incubation with Apt-FAM (right). MCF-7 blank
and T47D blank represent no treatment.

through the binding of Apt-FAM shows an MCF-7 to T47D
relative ratio of 1.4 (Figure 4, right). Therefore, the MCF-7 to
T47D relative ratio of expression level of MUCI1-bound
terminal Gal/GalNAc per MUCI chain is determined to be
2.0, which is in good agreement with the literature reported
value.'"¥l These results confirm the validity of using LCM for
distinguishing different cell phenotypes.

In conclusion, we have proposed a distinct LCM strategy
and demonstrated its utility as a tool for efficient and reliable
access to protein-specific glycoform information. Compared
with currently used MOE method, desired assay features
associated with LCM approach include minimum target cell
perturbation, short reaction timeframe, effectiveness as
a molecular ruler, and quantitative analysis capability.
Given the ever-expanding available repertoire of protein-
binding aptamers!'” and carbohydrate-processing enzy-
mes, 1l the LCM strategy should be easily adaptable to
the live cell imaging of a wide range of protein-specific
glycoforms.
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