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Abstract

Vertebrate glycans constitute a large, important, and dynamic set of post-translational
modifications that are notoriously difficult to manipulate and image. Although the chemical
reporter strategy has been used in conjunction with bioorthogonal chemistry to image the external
glycosylation state of live zebrafish and detect tumor-associated glycans in mice, the ability to
image glycans systemically within a live organism has remained elusive. Here, we report a method
that combines the metabolic incorporation of a cyclooctyne-functionalized sialic acid derivative
with a ligation reaction of a fluorogenic tetrazine, allowing for the imaging of sialylated
glycoconjugates within live zebrafish embryos.
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Cell-surface glycans mediate a variety of important biological processes, including
inflammation, bacterial and viral infection, cardiovascular disease, cancer progression, and
embryogenesis.[X] Owing to their complicated structures and non-template-driven synthesis,
glycans are difficult to manipulate and interrogate compared to other biomacromolecules
such as proteins and oligonucleotides. In particular, the biological importance of glycans has
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led to the need for in vivo imaging methods,[?] as imaging biomolecules in their native
environments can provide a great deal of information on subcellular localization,
interactions with neighboring cells and pathogens, and changes in expression resulting from
various stimuli. Lectins and antibodies targeting specific glycan epitopes are ill-suited for in
vivo imaging because of their poor tissue penetrance and low affinity for glycans.[3] As an
alternative to these affinity-based methods, our laboratory developed the biorthogonal
chemical reporter strategy to image and manipulate glycans;[4 in this strategy, a metabolic
precursor to the sugar of interest armed with a bioorthogonal functional group is delivered to
a population of cells or an organism by bathing, feeding, or injection, whereupon it is
processed and appended to cell-surface glycans in lieu of the natural sugar. Subsequently,
glycans that have incorporated the analogue can be visualized by a covalent ligation reaction
with a probe molecule containing a complementary bioorthogonal functional group.

Our laboratory and others have previously employed the chemical reporter strategy to image
a variety of glycan structures in developing zebrafish embryos,! which we chose to study
because of the importance of the zebrafish as a model organism in developmental and
infectious disease biology as well as its optical transparency.[®] In a typical experiment, an
azido or alkynyl sugar is injected into the embryo during the 1-8 cell stage or added to the
embryo’s medium during development. Then, the embryo is bathed in a solution of a
fluorophore or affinity probe modified with the appropriate reaction partner for a copper-
catalyzed or copper-free click ligation reaction. These experiments provide insight into the
dynamics and localization of glycan expression during zebrafish development, but have
been limited to studies of the enveloping layer, the outermost layer of the embryo analogous
to skin. Exogenous fluorophores cannot access internal cells and tissues, and thus the
method cannot be applied to study glycomic changes associated with most biological
processes.

One possible approach to the system-wide labeling of cell-surface glycans is to introduce
both the metabolic labeling substrate and, at a later stage, the imaging probe into the
developing embryo by injection. However, unreacted probe would be trapped inside the
organism, leading to high background fluorescence that would obscure signals from glycans
of interest. This problem could be obviated by the use of a bioorthogonal fluorogenic probe
whose fluorescence is activated in the course of the desired ligation reaction.l”] Although
many such probes have been prepared in recent years, to the best of our knowledge, none
has been used within a live animal thus far. Herein, we report that the metabolic
incorporation of a bicyclononyne-functionalized sialic acid followed by reaction with a
fluorogenic tetrazine enables the systemic imaging of sialylation during zebrafish
embryogenesis (Figure 1).

Our selection of the cyclooctyne chemical reporter and tetrazine-based probe were driven by
the following considerations: We sought bioorthogonal ligation reaction partners that would
produce a large fluorescence enhancement, remain intact for up to several days during
metabolic incorporation experiments, and react quickly at biologically relevant
concentrations. Several groups have reported fluorogenic tetrazine probes that fluoresce
upon reacting with strained alkenes and alkynes.[8 We were drawn to a recent study in
which Devaraj and co-workers reported para-vinylenemethyltetrazines that exhibit up to
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400-fold fluorescence turn-on;[®] we expected these tetrazines to be stable for at least several
hours in serum,[291 making them good candidates for in vivo imaging experiments.
Tetrazines are known to react with a variety of strained unsaturated hydrocarbons, including
norbornene, 1] cyclopropene, (8¢ 121 cyclooctyne, 82131 and trans-cyclooctene.[24] Of these
choices, cyclooctyne stands out because it reacts more quickly than norbornene and
cyclopropene,[15] but is not susceptible to the same in vivo instability as trans-cyclooctene,
which isomerizes to relatively unreactive cis-cyclooctene within hours in serum.[16]
Furthermore, several studies across different classes of fluorophores have shown that the
pyridazine products resulting from alkyne—tetrazine cycloadditions are brighter than the
dihydropyridazine products resulting from alkene—tetrazine cycloadditions.[® 17]

Aside from its beneficial attributes, cyclooctyne has a liability as a chemical reporter: It is
large relative to a monosaccharide substrate, unlike azides and terminal alkynes, the more
common chemical reporters for glycan imaging. Indeed, unnatural monosaccharides
containing modifications larger than a few atoms are generally poor substrates for the
biosynthetic enzymes that enable their incorporation into glycans.[18] Sialic acid analogues
are a fortuitous exception, however, in that large substituents at the C5 and C9 positions are
tolerated by the enzymes involved in sugar activation and incorporation into mammalian
cell-surface glycans.[2%] Furthermore, the sialome is a very important sector of the glycome;
sialylated glycans contribute to immune cell interactions, brain development, cancer
progression, viral and bacterial infection, and many other glycobiological phenomena.[X] For
these reasons, we chose to append a cyclooctyne to sialic acid for metabolic incorporation
experiments, and prepared a bicyclononyne-functionalized sialic acid derivative (BCNSia,
Figure 1) in a five-step synthesis from sialic acid (see the Supporting Information).[19b. 20]

We first asked whether BCNSia could be metabolically incorporated into cultured
mammalian cells. After growth in BCNSia-supplemented media for two days, human
embryonic kidney 293 (HEK) cells exhibited robust fluorescence upon treatment with
tetrazine-biotin probe 1 (Figure 2A) followed by avidin-488 detection and flow cytometry
(Figure 2B). To assess the incorporation efficiency of BCNSia relative to that of commonly
used peracetylated sugar derivatives, we compared the copper-free click reactions of
BCNSia and peracetylated N-azidoacetylmannosamine (AcsManNAz), which is metabolized
to an azide-bearing sialic acid derivative.[21] Cells were grown with either 500 pv BCNSia
or 50 pm AcsManNAz for two days and then treated with azido-biotin probe 2 or
dibenzoazacyclooctyne-biotin probe 3, respectively, and avidin-488. Although comparison
of the fluorescence of these cell populations revealed that BCNSia was incorporated less
efficiently than Acs;ManNAz (Figure 2B), use of the tetrazine ligation with BCNSia yielded
adequate signal above background. To confirm that the low incorporation efficiency was not
specific to HEK cells, we incorporated BCNSia into Jurkat cells and observed similar levels
of signal above background that were dose-dependent up to 3 mw, the highest concentration
that we tested (Supporting Information, Figure S1). Next, we verified that BCNSia was
incorporated into mammalian cell-surface glycans in place of sialic acid by comparing the
labeling of Chinese hamster ovary (CHO) cells and Lec2 cells. Lec2 is a CHO mutant that
displays a 90% reduction in cell-surface sialylation owing to a deletion in CMPST, which
transfers CMP sialic acid into the Golgi as a precursor to its addition to glycans.[22]
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Compared to CHO cells, Lec2 cells treated with BCNSia for two days displayed poor
labeling with 1 (Figure 2C), consistent with the processing of BCNSia by CMP sialic acid
synthetase and CMPST en route to cell-surface display. The small amount of labeling
observed in Lec2 cells at high concentrations of BCNSia is consistent with the presence of a
low basal level of sialylation. Taken together, these experiments establish that BCNSia can
be incorporated into a variety of commonly used mammalian cell lines and is processed
through the same metabolic pathway as sialic acid.

Next, we attempted to metabolically incorporate BCNSia into zebrafish embryos.
Membrane-impermeable nucleotide sugars can be administered to zebrafish embryos by
microinjection into the yolk during the 1-8 cell stage, a time period when the process of
cytosolic streaming provides the sugar derivatives access to all daughter cells in the
embryo.[3] Given the high concentrations of BCNSia necessary for incorporation into
mammalian cells and our desire to deliver the sugars to all cells of the developing embryo,
we reasoned that microinjection would provide superior results to bathing embryos in sugar-
containing media. We began by administering various amounts of BCNSia from 5 to 50
pmol. At 5 pmol, no adverse phenotype was visible, whereas at higher doses, the notochord
became twisted and the embryos exhibited an extension defect (Figure S2).[23] Therefore, a
5 pmol dose of BCNSia was used in all subsequent experiments.

We next explored applications in molecular imaging by injection of fluorogenic tetrazine
probe 4 into the caudal vein (Figure 3A). Probe 4 is virtually nonfluorescent, but successful
reaction with a cyclooctyne yields a brightly fluorescent Oregon green moiety.[®] Embryos
were injected with BCNSia at the 1-8 cell stage and were allowed to develop to various
stages prior to imaging experiments. The caudal vein plexus is not fully formed until 30 hpf
(hours post fertilization);[24] therefore, an equimolar mixture of 4 and Alexa Fluor (AF) 647
cadaverine, which we added as a nonspecific tracer of the vasculature, was injected into
embryos at 30, 48, or 72 hpf. At 30 and 48 hpf, we observed robust BCNSia-dependent
fluorescence from 4 throughout the interior of the embryo (Figure 3B); at 72 hpf, we
observed little to no signal above background (Figure S3), likely because the dye quickly
accumulated in the pronephric duct or because little BCNSia remained in the embryo after
several days. The BCNSia-dependent signal observed at 30 and 48 hpf in areas of low
perfusion is consistent with the labeling of cell-surface glycoconjugates by 4. We also
observed BCNSia-independent green fluorescence in the yolk; colocalization in fixed
embryos with a lipid droplet marker suggested that the yolk fluorescence was a result of
encapsulation of 4 by lipid droplets (Figure S4),[2%] perhaps followed by reaction with
unsaturated fatty acids or sterols. As this phenomenon was confined to the yolk, we did not
explore it further. Importantly, embryos injected with a non-fluorogenic tetrazine probe
exhibited minimal BCNSia-dependent labeling (Figure S5), indicating the importance of
using a fluorogenic ligation strategy.

Our initial experiments suggested that sialylation was abundant within several structures,
which we explored in detail in embryos injected at 48 hpf with 4. The BCNSia dependence
of labeling was particularly apparent in higher-magnification images of the head acquired
from the lateral, ventral, dorsal, and rostral views, as well as in a lateral view of the tail
(Figure 3C, Movies S1-S5, and Figure S6). In the eyes, both the retina and the surfaces of
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the onion-shaped fiber cells that make up the lens, which is known to heavily express the
sialyltransferase St8Sialll during development,[26] were sialylated (Figure 3D). Analysis of
the labeling pattern within the lens showed that the fluorescence was more concentrated at
intercellular contacts between three or more cells than at contacts between two cells (Figure
3D”). We also observed dense sialylation along the entire length of the floor plate, which is
known to express the neural cell adhesion molecule, a developmentally important protein
that displays polysialic acid (Figure 3E).[27] Also notable was the bright labeling along the
intermyotomal boundaries as well as on the surface of muscle fiber cells in the myotomes,
which also express St8Sialll (Figure 3F).[26]

In addition to these structures that we had expected to be sialylated, we observed several
novel sialylation patterns. A ventral view of the embryo revealed sialylation of the optic
nerve (Figure 3G) as well as at the exterior of the developing mouth (Figure 3H); posterior
to the mouth, we observed a tubular sialylation pattern from a lateral view (Figure 3I). In the
hindbrain, we observed a columnar pattern of labeling along the dorsoventral axis of the
embryo (Figure 3J). These cells displayed a neuron-like morphology, with a bulbous body
and rod-like projections that traversed the height of the hindbrain until reaching the
hindbrain ventricle (Figure 3J”). A dorsal view of this sialylation pattern showed the
presence of more heavily sialylated cells arranged in a grid-like pattern extending laterally
from the midline (Figure 3K). A three-dimensional reconstruction of these images (Figure
3L) indicated that the punctate labeling pattern observed in the dorsal view of the hindbrain
(Figure 3K) indeed corresponds to the rod-like projections observed in the lateral view
(Figure 3J).

To independently confirm that injection of 4 into BCNSia-treated embryos resulted in
covalent cell-surface labeling, we analyzed cells from dissociated embryos by flow
cytometry. Embryos were microinjected with BCNSia, allowed to develop to 48 hpf, and
injected with a mixture of 4 and NHS-AF647, a marker that was added to select for cells
exposed to the vasculature. The embryos were then deyolked and dissociated into single
cells by treatment with collagenase. Flow cytometry analysis indicated a BCNSia-dependent
correlation between labeling with 4 and NHS-AF647 (Figure 4A). Analysis of cells
displaying NHS-AF647 labeling showed robust tetrazine labeling that was dependent on
BCNSia incorporation (Figure 4B), with minimal fluorescence arising from injection of 4
into embryos without BCNSia (Figure S7). Taken together, these data demonstrate both the
successful display of BCNSia on the surfaces of internal zebrafish cells as well as our ability
to covalently label BCNSia-containing glycoconjugates with our caudal vein injection
method.

Next, we confirmed that BCNSia was incorporated into zebrafish sialoglycoproteins. We
prepared lysates of deyolked embryos at 48 hpf, treated the lysates with tetrazine-
dinitrophenyl conjugate 5 (Figure 5A), and analyzed the resulting products by Western
blotting (Figure 5B). As expected, lysates from embryos injected with BCNSia and treated
with 5 displayed robust labeling compared to uninjected and/or untreated embryos.
Treatment with Vibrio cholerae sialidase had no effect, whereas treatment with Arthrobacter
ureafaciens sialidase prevented subsequent tetrazine labeling. This finding indicates that the
cyclooctyne was incorporated by the expected route as a sialoglycoconjugate rather than by
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metabolism of BCNSia into a cyclooctyne donor intermediate that could be linked to cell-
surface biomolecules.

Finally, we showed that the tetrazine-BCNSia ligation can be carried out orthogonally to
copper click chemistry in live zebrafish. We microinjected embryos with 5 pmol BCNSia
and/or 50 pmol SiaNAl, the expected metabolic product of an N-pentynoyl mannosamine
derivative that we have previously described.[28] At 48 hpf, the embryos were injected with
4 and then bathed in a copper click solution containing sodium ascorbate, BTTAA
ligand,[2%1 and the azide probe CalFluor 647 for 30 min.[28%] We observed robust BCNSia-
dependent labeling of interior cells and SiaNAl-dependent labeling of enveloping layer cells
(Figure 6B). Analysis of embryo cross-sections confirmed that the signals from 4 and
CalFluor 647 were confined to the interior and enveloping layers of the embryo, respectively
(Figure 6C). Consistent with the very slow reaction rate of tetrazines with linear alkynes,[3%
we observed in control experiments that embryos treated with SiaNAI were not labeled
when bathed in media containing tetrazine 4 (Figure S8). Furthermore, although BCNSia
should react with CalFluor 647, we observed no such labeling (Figure 6B), perhaps because
BCNSia is not displayed on enveloping layer cells (Figure S8); however, in situations where
cross-reactivity might present a problem, it would be straightforward to quench BCNSia on
the enveloping layer with a sacrificial tetrazine reagent prior to and during the copper click
reaction.

In conclusion, we have demonstrated that the ability to metabolically incorporate a
cyclooctyne-functionalized sialic acid, in conjunction with the use of a fluorogenic
cyclooctyne-reactive probe, enables systemic in vivo fluorescence imaging of sialylation
during zebrafish embryogenesis. Importantly, our method uses bioorthogonal chemistry to
image glycosylation with sub-cellular resolution throughout the interior of a living
organism, in contrast to previous in vivo imaging efforts that have been restricted to imaging
enveloping layer cells or focused on the ability to detect the presence or absence of large
masses of tumor cells.[17:31] This work opens up a number of promising avenues for further
research. We have identified several new sialylated structures in the developing zebrafish,
raising questions about tissue-specific sialyltransferase activity and the importance of
sialylation in these structures for proper embryonic development. Additionally, one unique
attribute of the cyclooctyne is its ability to engage in cycloaddition reactions with both
tetrazines and azides. The latter functional group has been used by our laboratory to generate
fluorogenic xanthene derivatives, including CalFluor 647, with emission maxima spanning
the visible spectrum, potentially enabling multicolor labeling of temporally distinct classes
of glycans.[32] Furthermore, methods to use fluorogenic ligation reactions in conjunction
with metabolic engineering of glycans may find applications in cyclopropene—tetrazine
ligations as cyclopropene can be metabolically incorporated into glycans by a variety of
monosaccharide precursors.[33] Finally, we expect that our demonstration of the utility of
bioorthogonal fluorogenic probes for in vivo imaging will motivate the use of such probes
for the visualization of other classes of biomolecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Expected metabolic pathway for the incorporation of BCNSia into cell-surface glycans

followed by labeling with a fluorogenic tetrazine probe. CMAS = cytidine monophosphate
N-acetylneuraminic acid synthetase, CMP = cytidine monophosphate.
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Figure2.
BCNSia is incorporated into the cell-surface glycans of cultured mammalian cells. A)

Structures of probe molecules used. B) HEK cells incubated with BCNSia or AcsManNAz
and then treated with 1, 2, or 3 followed by avidin-488 display sugar-dependent labeling. C)
Following treatment with BCNSia and detection with probe 1, Lec2 cells display
significantly less BCNSia than do wild-type CHO cells. Error bars represent the standard
deviation of three replicate experiments.
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Figure 3.
Zebrafish embryos treated with BCNSia and subsequently injected with 4 show robust

systemic BCN-dependent labeling. A) Scheme showing injections of BCNSia and 4;
embryos were injected with BCNSia or vehicle at the 1-8 cell stage and then injected with 4
in the caudal vein 1 h prior to imaging. B) Projection images of 30 and 48 hpf embryos
treated with BCNSia or vehicle; 4 was co-injected with AF647-NH> to map the vasculature.
Scale bar: 200 um. C) Projection images (20 O) of 48 hpf embryos from various viewpoints.
D,D’) Lateral view of the eye and lens (D”). The dashed box in (D) indicates the field of
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view in (D”). E,E’) Lateral view of the tail with floor plate labeling (arrow). F,F’) Lateral
view of the intermyotomal boundaries and muscle-fiber cells. G,G’) Ventral view of the
optic nerve (arrow). H,H”) Ventral view of the developing mouth. I, I’) Lateral view of the
developing jaw. J, J’) Lateral view of the hindbrain. The dashed box in (J) indicates the field
of view in (J). K,K’) Dorsal view of the hindbrain. L) Three-dimensional reconstruction of
the dorsal view. Embryos were injected with BCNSia (D-L) or vehicle (D’-K”). All
injections of 4 were performed at 48 hpf, except in (B). Scale bars for D-K: 100 pm.
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Figure4.
Flow cytometry reveals that BCNSia-dependent fluorescence in zebrafish embryos arises

from cell-surface labeling. Embryos were injected with BCNSia or vehicle at the 1-8 cell
stage and then injected at 48 hpf with 4 and NHS-647, deyolked, dissociated, and analyzed
by flow cytometry. A) Labeling with 4 as a function of labeling with NHS-647. B) Green
fluorescence of cells from embryos injected with 4 and NHS-647, gated on cells displaying
NHS-647 labeling. Error bars represent the standard deviation of three replicate
experiments.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2016 September 21.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Agarwal et al. Page 14

A B

BCNSia + + - - + +

Sialidase

/ W 5
N

kDa
188 —

HN 98 —

62 —
49 —

38 —
NH

28 —
NO>
17 —
O-N

WB: DNP

India ink

Figure5.
Western blot analysis of zebrafish embryo lysates shows that BCNSia is present in

sialoglycoproteins. A) Structure of affinity probe 5 used in Western blot experiments. B)
Western blot of lysates. Embryos were injected with BCNSia or vehicle, grown to 48 hpf,
deyolked, and lysed. The resulting lysates were treated with sialidase followed by 5 and then
analyzed by Western blot with an anti-dinitrophenyl horse-radish peroxidase conjugate. AU
= Arthrobacter ureafaciens, DNP = dinitrophenyl, VC = Vibrio cholerae.
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Figure®6.
Injection of BCNSia and SiaNAI at the 1-8 cell stage enables concurrent in vivo detection of

spatially distinct glycoproteins using two different bioorthogonal ligation reactions. A)
Structures of SiaNAI and CalFluor 647. B) Embryos were injected with BCNSia and/or
SiaNAl or vehicle at the 1-8 cell stage, then injected with 4 and bathed in a copper click
solution with CalFluor 647 at 48 hpf. Scale bar: 200 um. C) A tail slice of an embryo treated
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with BCNSia and SiaNAl followed by 4 and CalFluor 647 as in (B) shows spatial separation
of labeling.
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