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Abstract: Live cell imaging of protein-specific glycoforms
holds great promise for revolutionizing the study of glyco-
chemistry. The imaging protocols developed thus far build
upon the paired interplay of probe units, thus limiting the
number of monosaccharide identification channels. A hier-
archical coding (HieCo) imaging strategy, with DNA coding
and decoding of protein and monosaccharides executed in
fidelity to the hierarchical order of target glycoprotein, is
reported herein and features expandable monosaccharide
identification channels. A proof-of-concept protocol has been
developed for MUCI-specific imaging of terminal sialic acid
(Sia) and fucose (Fuc) on MCF-7, T47D, MDA-MB-231, and
PANC-I cells, revealing distinct monosaccharide patterns for
four types of cells. The protocol also permits dynamic
monitoring of changes in MUCI-specific monosaccharide
patterns associated with both the alteration of cellular physio-
logical states and the occurrence of a biologically important
process.

H ierarchy is a ubiquitous structural feature used by living
systems to achieve functional diversity.?) DNA 1Y RNA [
and proteins'’®! can all have characteristic, extrinsic, single- or
multi-level appendage structures emanating from the respec-
tive core structures. In these branching-type hierarchical
structures, the appendage structures serve as a critical handle
for regulating the functions of core structures. In particular,
protein glycosylation is a post-translational modification that
showcases the quintessence of diversity and complexity
emergence in structural and functional spaces.'! The glyco-
sylation pattern associated with a protein, or glycoform, as
characterized by the collection of appended monosaccharides
and corresponding linkages in the form of glycans, is under
elaborate cellular synthetic control and plays a dictating role
in defining the trafficking and signaling properties of the
protein and residing cells.** Live cell imaging of protein-
specific glycoforms can therefore not only offer insight into
glycosylation pathways and functions but also contribute to
the identification of diagnostic and therapeutic targets."
Current protein-specific glycoform imaging strategies rely
exclusively on complementary physical (Forster resonance
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energy transfer)®*! or chemical (proximity catalysis)®"
interplay of two partner probe units, located, respectively, at
the protein and carbohydrate sites of interest, for the intra-
glycoprotein-confined generation of readout signals. Despite
the effectiveness, the pairing nature of the imaging architec-
ture inherently embedded in these approaches does not
mirror the authentic hierarchical structure of a glycoprotein
and, as such, will inevitably limit the number of available
signaling channels.

An ideal imaging method should allow, in principle,
decodable encoding of an arbitrarily expandable number of
structural motifs in a glycoprotein with distinct identification
codes to fully track its dynamic structural status. With this
ideal trait in mind, we report herein the development of
a hierarchical coding (HieCo) strategy for live cell imaging of
protein-specific glycoform (Scheme 1). The HieCo imaging
architecture encodes and decodes each structural motif of
interest in a multilevel intra-glycoprotein hierarchical order
in fidelity to the target glycoprotein, thus enabling the
arbitrary expansion of signaling channels. Specifically, as
a prototype demonstration, the coding hierarchy, in higher to
lower level order, starts with timing coding, followed by
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protein coding, and ends with monosaccharide coding (Sche-
me 1 A). The protein and monosaccharide codes are initially
concealed in the masked state, and the decoding process
commences with the timing code and proceeds in a sequential,
iterative decoding—unmasking, catalytic fashion: each decod-
ing of a higher level code leads to the unmasking and
exposure of the immediately lower level code for the next
round of decoding, except for the final step in each catalytic
cycle; the final decoding of monosaccharide code completes
the catalytic cycle by simultaneous provision of readout signal
and release of protein code. The introduction of timing code
allows the stringent temporal separation of coding and
decoding processes as well as the initiation of the imaging
event at any desired time point. The catalytic utility of the
protein code ensures the objective decoding of multiple
monosaccharide codes in a fashion reflecting the genuine
abundance of each monosaccharide.

For the proof-of-concept demonstration, MUC1-bound
terminal sialic acid (Sia) and fucose (Fuc) are selected as the
imaging targets.*”® For the implementation of the HieCo
imaging architecture, a unique DNA sequence is created as an
identification code each for timing, MUCI, Sia, and Fuc
(Scheme 1B). The timing code (T) contains two segments,
with one segment partially complementary to the MUC1 code
(P) and the other segment as a toehold at the 5" end (refer to
Table S1 for DNA sequence information). P is connected to
an extracellular MUCI-binding aptamer (Apt) S2.2” to
generate a MUCI-targeting sequence P-Apt. The hybrid-
ization of T with P-Apt enables the binding of double-
stranded T/P-Apt to MUCI, with P in the masked state and
incapable of being decoded through DNA hybridization. The
Sia code is connected to a P decoding DNA sequence to form
a hairpin structure (Gy): the Sia code is caged in the masked
state; P decoding DNA carries a toehold segment at the 5
end. G, is covalently attached to Sia through the metabolic
engineering introduction of an azide group onto Sia followed
by a bioorthogonal Cu'-free click reaction with the 5'-end
dibenzocyclooctyne (DBCO)-modified G, (DBCO-G,).'"!
Similarly, the hairpin G; (masked Fuc code connected to P
decoding DNA) is covalently linked to Fuc through a Cu'-
catalyzed click reaction between a metabolically engineered
alkyne group on Fuc and a 5’-end azide group on G; (as N;-
G;)." The decoding process is divided into three stages
(Scheme 1). The first stage is the initiation of decoding action
by hybridizing a T decoding DNA sequence (I) with T (via
toehold-mediated strand displacement!""), resulting in the
simultaneous release and unmasking of P. The second stage
ensues by intra-MUCI proximity decoding of P with G,, and
via the opening of hairpin structure, unmasking of Sia code
(or with G; and unmasking of Fuc code). For the third stage,
a hairpin structure with both decoding and signal-generating
capabilities is required: connection of a 5-end toehold-
bearing Sia code (or Fuc code) decoding DNA sequence with
a DNA sequence capable of displacing P, together with the
installation of a fluorophore near the 5" end (FAM for Sia
code, or F; Cy5 for Fuc code, or F') and a quencher at the 3’
end (DABCYL for Sia code, or Q; BHQ2 for Fuc code, or
Q’), yields either F-G,-Q or F'-G,-Q’. The decoding of Sia
code on G; with F-G,-Q (or Fuc code on G; with F'-G,4-Q’)
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provides a hairpin opening-derived fluorescence signal and
releases P for the next catalytic cycle. A recent important
finding of artificial cysteine glycosylation by the Chen group
raises a caveat on the use of the metabolic engineering
approach.!'” In the case of MUCI, the three cysteines are
located on the C-terminal, intracellular region, and thus do
not interfere with the extracellular HieCo imaging process.

With all the coding and decoding sequences designed, we
proceeded to the in vitro validation of the working principle
of hierarchical decoding. A key factor in determining the
effectiveness of the hierarchical decoding process is the
masking efficacy of T for P (inhibition of background signal)
and the decoding-initiating efficacy of I (production of
readout signal). Optimization reveals a highest hierarchical
decoding efficiency, as reflected in the fluorescence intensity
(F1), for a T variant (used hereafter, Figure S1). The position-
ing of Fand Q at G; (or F' and Q' at G;) offers an avenue to
compare the readout signal stalled at the stoichiometric G,
(or G;) decoding stage with that after the execution of the G,
(or G,) decoding catalytic cycle. Indeed, the FI exhibits a low
value for a system of P-Apt, F-G;-Q (or F'-G;-Q’) but
increases significantly with the participation of G, (or Gy),
verifying the ability to achieve catalytic turnover (Figure S2).
Important prerequisites for the orderly execution of each
hierarchical decoding step are that 1) T constrains P tightly in
the masked state unless being acted upon by I, 2) I cannot skip
the T decoding and directly proceed to the unmasking of Sia
code and Fuc code, and 3) G, and G, are not capable of
directly accomplishing the respective decoding of masked-
state Sia code and Fuc code. Failure to meet these prereq-
uisites will cause the loss of protein identity information and
deliver false-positive signals. To rule out these undesired
interfering reactivities, twelve systems were examined.
Indeed, compared to the intended high FI from systems of
both I, T/P-Apt, F-G;-Q, G, and I, T/P-Apt, F'-G;-Q’, Gy, all
ten control systems (without I and/or T/P-Apt) display
a background-level signal (Figures S2 and S3).

With all the catalytic hierarchical decoding features
unambiguously validated, we next replaced the two compo-
nents from the decoding system, F-G-Q and G, (or F'-G;-Q’
and G,), with G; and F-G,-Q (or G; and F'-G,-Q’), as used in
the live cell protein-specific glycoform imaging setting. The FI
shows an analogously pronounced increase only upon the
catalytic completion of all hierarchical decoding steps (Fig-
ures S4 and 1 A,B). Also, native polyacrylamide gel electro-
phoresis (PAGE) analysis on a system of I, T/P-Apt, G, (or
G;), G, (or G,) identifies a prominent G/G, (or G3/G,4) band
(Figures S4 and 1CD). The simultaneous imaging of two
protein-bound monosaccharides requires the elimination of
cross-interference between two decoding systems, G;, G,, and
G;, G4. Both FI measurement on F-G;-Q, F-G,-Q, G;, G, (no
formation of F-G;-Q/G;, F-G;-Q/G,, F-G,-Q/G;, and F-G,-Q/
G, Figure S5) and PAGE analysis on P-Apt, Gy, G,, G3, G4
(no G/G3;, G1/G4, G,/G;, and G,/G4 bands, Figure 1E,F)
corroborate the restriction of decoding action within each
intended pair.

With the fundamental working principle of hierarchical
decoding demonstrated in vitro, we next examined its utility
in the live cell imaging of protein-specific glycoform. The
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Figure 1. In vitro validation of the working principle of the HieCo
strategy. Fluorescence analysis of systems of I, T/P-Apt, G,, F-G,-Q (A)
and I, T/P-Apt, G;, F-G4-Q’ (B). The 518 nm peak FI for F-G,-Q (A)
and F'-G,-Q’ (B) is set to 1. Native PAGE analysis of systems of I, T/P-
Apt, G;, G, (C) and I, T/P-Apt, G;, G, (D). Native PAGE analysis of

a system of G;, G,, G;, G, in the absence (E) and presence (F) of P-
Apt. Lanes 1-4 of (F): incubation of P-Apt with G, and then with G,
(1) or G; (2), or with G; and then with G, (3) or G, (4). Lane 5 of (F):
incubation of P-Apt, respectively with G; and G, and then mixing of
the two solutions. Refer to Figures S3-S5 for details.

MUCI-binding affinity of Apt, in the form of either P-Apt or
T/P-Apt, is retained,™® as evidenced under confocal laser
scanning microscopy (CLSM) imaging, by the observation of
bright fluorescence on MUC1-positive MCF-7 cells!"* and the
lack of fluorescence on MUC1-negative HepG2 cells™™ upon
incubation in either FAM-P-Apt or T/FAM-P-Apt (Fig-
ure S6). As expected, without Apt, T alone (as T-FAM) is not
capable of binding to MCF-7 cells (Figure S7). The Apt
sequence requirement for MUCI targeting is echoed in the
loss of binding affinity for a random-sequenced DNA (Ran)
(as FAM-P-Ran) (Figure S6). No endocytosis is identified for
Tand T/P-Apt, as examined with FAM-P-Apt and T-FAM/P-
Apt (Figure S7); P-Apt bound on the MCF-7 cell surface
maintains the hybridization capability toward T (as T-FAM)
(Figure S7). The metabolic engineering incorporation of
azide-modified Sia and alkyne-modified Fuc!'” allows routine
covalent conjugation of DBCO-G, and N;-G3, respectively, as
verified by CLSM imaging of the click reaction with DBCO-
FAM-G;, and N;-G;-Cy3 (Figure S8).

With hierarchical decoding probe units, MUC1-docked T/
P-Apt and Sia-linked Gy, installed in place, live cell imaging
of MUCI1-bound terminal Sia can be achieved (Figure 2 A).
Indeed, I and F-G,-Q allow the execution of hierarchical
decoding with T/P-Apt and G, units. No hierarchical decod-
ing occurs with either the omission of I (Figure 2A) or the
replacement of F-G,-Q by F'-G-Q’ (Figure S8). The catalytic
nature of the hierarchical decoding is validated by the
observation of a pronounced increase in FI on MCF-7 cells
with G, engaged in the decoding hierarchy for I, T/P-Apt, Sia-
linked F-G;-Q (Figure S9). Live cell imaging of MUC1-bound
terminal Fuc can be analogously performed by the hierarch-
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Figure 2. HieCo imaging of MUC1-bound terminal Sia and Fuc on
MCF-7 cells. HieCo single-channel imaging of MUC1-bound terminal
Sia (A) and Fuc (B) and duplexed imaging in both channels (C). Scale
bars: 25 um.

ical decoding with I, F'-G4-Q’, MUC1-docked T/P-Apt, Fuc-
linked G; (Figure 2B). Again, I is essential to the decoding
process (Figure 2 B) and no cross-interference from F-G,-Q is
observed (Figure S8). The simultaneous incorporation of
MUCI1-docked T/P-Apt, Sia-linked Gy, and Fuc-linked G;
(Figure S8) enables duplexed imaging of MUCI-bound
terminal Sia and Fuc on MCF-7 cells by decoding with I, F-
G,-Q, F-G,-Q’ (Figure 2C). The Sia and Fuc imaging channel
FI can provide a quantitative measure of their apparent
relative abundance. The heterogeneity in the FI distribution
around cell contours reflects both heterogeneity in the
distribution of MUCI1-bound terminal Sia and Fuc and
heterogeneity in the cell population, as also confirmed by
immunofluorescence imaging of MUCI (Figure S10).

The confinement of imaging targets as MUCI-bound
terminal Sia and Fuc is demonstrated with three sets of
experiments. MUCI is an O-glycosylated protein”! and
consistent with this, treatment of MCF-7 cells with benzyl 2-
acetamido-2-deoxy-a-D-galactopyranoside (BAG, an O-gly-
cosylation inhibitor)™ but not with tunicamycin (TM, an N-
glycosylation inhibitor)™" significantly diminishes the imag-
ing FI for both Sia and Fuc (Figures S11 and 3 A,B). In further
support of MUCI1 imaging specificity, up-regulation and
down-regulation of MUCI expression level (Figure S12),
respectively with M-pcDNA and shRNA plasmids (Schem-
es S1 and S2),' result in the corresponding increase and
decrease of FI (Figures S13 and 3 C-F). The terminal Sia and
Fuc imaging specificity is verified by the reduction of the FI of
the corresponding imaging channel upon the trimming of Sia
with a2-3,6,8,9 neuraminidase A (NEU)!" and the trimming
of Fuc with a-L-fucosidase (AFU)!'! (Figures S14 and
3G,H). Taken together, the protein and monosaccharide
specificity verification experiments also demonstrate the
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Figure 3. Demonstration of MUC1-bound terminal Sia and Fuc as the
imaging targets. HieCo imaging showing the decrease of FI under
BAG but not TM treatment (A, B), the increase and decrease of Fl with
the respective transfection of M-pcDNA (C, D, pcDNA as a control
plasmid) and shRNA (E, F, shRNA-NC as a control plasmid), decrease
of Fl in Sia imaging channel under NEU treatment (G) and decrease
of Fl in Fuc imaging channel under AFU treatment (H). Blue bars: FI
in Sia imaging channel. Red bars: Fl in Fuc imaging channel.
Statistical analysis: t-test (*p <0.05; **p < 0.01; ***p <0.001; NS, not
significant).

ability to dynamically monitor protein-specific glycoform
changes with the alteration of cellular physiological states.
Systematic HieCo imaging reveals detection limits of 9300
MUCT/cell (via Sia channel) and 10400 MUCT/cell (via Fuc
channel) for MUC1 (Figure S15),!® 7.90 x 10° MUC1-bound
terminal Sia/cell for Sia, and 1.08 x 10° MUC1-bound terminal
Fuc/cell for Fuc (Figure S16), respectively.

The HieCo strategy can be extended equally effectively to
the imaging of MUCI1-bound terminal Sia and Fuc on other
types of cells, including T47D,"”"! MDA-MB-231,"! and
PANC-1 cells™! (Figures S17 and 4 A). The relative abun-
dance of MUCI1-bound terminal Sia and Fuc shows a distinct
pattern for each cell type (1:1.8, 1:0.6, 1:2.0, 1:1.1 for MCF-7,
T47D, MDA-MB-231, PANC-1 cells, respectively).”?” In
addition, the HieCo strategy can also be used for identifying
the occurrence of a biological process. The epithelial-to-
mesenchymal transition (EMT) is an important cellular event
featuring the loss of epithelial cells’ polarity and adhesion and
acquisition of mesenchymal cells’ motility and invasive-
ness.”'* Associated with the induction of EMT (by insulin-
like growth factor 1, or IGF-1) (Figure S18),*"*! HieCo
imaging reveals an increase of FI for both of the MUCI-
bound terminal Sia and Fuc imaging channels (Figures 4B,
S18, and S19),”'Y enabling its use as an effective EMT
monitoring tool. This observation is also supported by
immunoprecipitation (IP) fluorescence analysis (Figure 4 B).

In summary, a HieCo strategy has been developed for live
cell imaging of protein-specific glycoform. The hierarchical
DNA coding architecture established in fidelity to the
hierarchical structural order of target glycoprotein permits
confinement of hierarchical decoding process in an intra-
glycoprotein manner. The successful imaging of MUCI-
bound terminal Sia and Fuc on MCF-7, T47D, MDA-MB-
231, and PANC-1 cells and the dynamic monitoring capability
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Figure 4. Demonstration of the versatile applicability of HieCo strategy.
A) HieCo imaging of MUC1-bound terminal Sia and Fuc on T47D,
MDA-MB-231, and PANC-1 cells. B) HieCo imaging as an effective tool
for monitoring the EMT process (left). Increase of Fl in both of the
MUCT1-bound terminal Sia (top right) and Fuc (bottom right) imaging
channels and confirmation with IP fluorescence analysis. The FI before
EMT is set to 1. Scale bars: 25 um.

demonstrate the versatile applicability of the strategy. Given
the virtually unlimited choice of DNA coding sequences and
decoding pathways, the HieCo strategy should enable com-
prehensive profiling of monosaccharides of diverse structural
types and hierarchical levels and therefore facilitate a more
thorough understanding of protein glycosylation processes.
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