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Abstract

Glycans are attractive targets for molecular imaging but have been inaccessible because of their
incompatibility with genetically encoded reporters. We demonstrated the noninvasive imaging of
glycans in live developing zebrafish, using a chemical reporter strategy. Zebrafish embryos were
treated with an unnatural sugar to metabolically label their cell-surface glycans with azides.
Subsequently, the embryos were reacted with fluorophore conjugates by means of copper-free click
chemistry, enabling the visualization of glycans in vivo at subcellular resolution during development.
At 60 hours after fertilization, we observed an increase in de novo glycan biosynthesis in the jaw
region, pectoral fins, and olfactory organs. Using a multicolor detection strategy, we performed a
spatiotemporal analysis of glycan expression and trafficking and identified patterns that would be
undetectable with conventional molecular imaging approaches.

The cell-surface glycome is a rich source of information that reports on the cell’s physiological
state. For example, changes in glycan structures serve as markers of altered gene expression
during development (1) and disease progression (2). The dynamics of glycans at the plasma
membrane reflect the activity of the cell’s secretory machinery (3), and their relative
abundances report on flux in metabolic pathways inside the cell (4). Glycans are therefore
attractive targets for in vivo imaging but have been inaccessible because of their incompatibility
with genetically encoded reporters (5).

To image glycans in vivo, we employed a strategy in which an azide is introduced into target
biomolecules, priming them for selective covalent reaction with fluorescent probes (5). The
azide is small, stable in biological systems, and selectively reactive with phosphines or
activated alkynes. Previously, the Staudinger ligation (6,7) or copper-catalyzed click chemistry
(8,9) have been used to detect azide-labeled biomolecules on cells ex vivo. However, in vivo
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imaging of dynamic biological processes using these chemistries could be complicated by slow
reaction kinetics or reagent toxicity. The copper-free click reaction of azides with difluorinated
cyclooctyne (DIFO) reagents (10) overcomes these limitations, suggesting its potential
application to in vivo imaging.

We chose zebrafish as a model organism because of their well-defined developmental program
(11), emerging disease models (12), and amenability to optical imaging. The metabolic
substrate peracetylated N-azidoacetylgalactosamine (Ac,GalNAZz) was selected on the basis
of its known incorporation into mucin-type O-linked glycoproteins in mammalian cells and
mice via the N-acetylgalactosamine (GalNAc) salvage pathway (13,14) (fig. S1). We
envisioned an imaging experiment (Fig. 1A) in which zebrafish embryos are incubated with
Ac,GalNAz and their glycans are visualized by reaction with DIFO-fluorophore conjugates
(fig. S2).

Before performing imaging experiments, we confirmed that the zebrafish glycan biosynthetic
enzymes are permissive of the unnatural sugar. The zebrafish cell line ZF4 (15) was incubated
with various doses of AcsGalNAz, reacted with a DIFO-Alexa Fluor 488 conjugate
(DIFO-488, fig. S2), and analyzed by flow cytometry (Fig. 1B). Robust dose-dependent
metabolic labeling was observed, similar to that of mammalian cells (13,14). We further
characterized the azide-labeled cell lysates by treatment with a DIFO-Flag peptide conjugate
(10). The observed high-molecular-weight species were consistent with labeled glycoproteins
(fig. S3). We then purified the Flag-containing species (16) and identified several glycoproteins
(B-hexosaminidase, B-integrin 1b, lysosome-associated membrane protein, nicastrin,
scavenger receptor B, and Thy1) with known (17-19) or predicted (20) sites of mucin-type O-
linked glycosylation (fig. S4). We concluded that Ac,GalNAz was metabolically incorporated
into glycoproteins in zebrafish-derived cells.

We next evaluated Ac,GalNAz labeling in vivo. Zebrafish embryos were incubated in media
containing either Ac4GalNAz or, as a control, peracetylated GaINAc (Ac,GalNACc) from 3 to
120 hours post-fertilization (hpf). Whole-animal lysates were then reacted with a phosphine-
Flag probe (21) (fig. S2) and analyzed (Fig. 1C). The labeled glycoproteins were refractory to
digestion with peptide N-glycosidase F or chon-droitinase ABC (fig. S5), which suggests that
GalNAz is primarily incorporated into mucin-type O-linked glycoproteins.

To image azide-labeled glycans in vivo, we incubated zebrafish embryos with either
Ac,GalNAz or Ac,GalNAc from 3 to 72 hpf and then reacted the embryos with a DIFO-Alexa
Fluor 647 conjugate (DIFO-647, fig. S2). Robust fluorescence was observed with virtually no
background (Fig. 2A). Even after a 1-min reaction with DIFO-647, the Ac,GalNAz-treated
embryos displayed substantial fluorescence that increased in a time-dependent manner (Fig.
2B). We observed no toxicity or developmental abnor-malities resulting from treatment with
Ac4GalNAz or any DIFO reagents (fig. S6 and supporting online material text).

We then assessed global patterns of glycosylation by incubating embryos with Ac,GalNAz
starting at 3 hpf, followed by reaction with DIFO-647 at 12-hour intervals over a 5-day period.
We observed azide-labeled glycans as early as 24 hpf (Fig. 2C and fig. S6). Starting at 60 hpf
and continuing until at least 72 hpf, we observed a burst in fluorescence intensity in the jaw
region, pectoral fins, and olfactory organs (Fig. 2, D and E). Thus, we focused on 60 to 72 hpf
for more detailed studies of glycan expression and dynamics in these structures.

We sought to resolve temporally distinct populations of glycans using two- and three-color
detection experiments (fig. S7). Embryos labeled with AcsGalNAz were reacted with
DIFO-647 at 60 hpf to visualize the cell-surface glycans exposed at that time point. Because
the fluorophore cannot penetrate cells (10), nascent azide-labeled glycans trafficking through
the secretory pathway remained unreacted. In order to distinguish these newly synthesized
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glycans from the previously reacted population, we treated the embryos with tris-(2-
carboxyethyl)phosphine (TCEP) to quench unreacted cell-surface azides and then reacted the
embryos with a second fluorophore, DIFO-488 (fig. S8). After the procedure, the “old” glycans
could be visualized by DIFO-647 fluorescence and the “new” glycans by DIFO-488
fluorescence (fig. S7).

Throughout the organism, we observed zones of de novo glycan biosynthesis (Fig. 3, Ato D,
and fig. S9). For example, the invagination of the mouth was labeled minimally by the first
reaction but prominently by the second (Fig. 3, A and B, and movie S1), suggesting that
although this structure was present at 60 hpf, its cells had only recently synthesized large
amounts of GalNAz-labeled glycans. Further, we could readily distinguish plasma membrane-
associated glycans from those that had been internalized by the cells. We noticed differential
rates of endocytosis among cells throughout the embryo. In the eye and dorsal epithelium
regions, prominent cell-surface fluorescence was apparent from both DIFO reagents,
suggesting a slow rate of glycan internalization (movie S2). However, in the pectoral fin, the
old glycans detected with DIFO-647 (at 60 hpf) had been almost entirely internalized by the
time the embryos were imaged, whereas the new glycans detected with DIFO-488 (at 62 hpf)
were predominantly cell-surface-bound (Fig. 3, C and D).

To capture a broader spectrum of newly synthesized glycans, we expanded the period between
the two DIFO-fluorophore reactions to 2 hours. Using this protocol, we observed intense
labeling of the pharyngeal epidermis in the jaw region that was derived from the second reaction
(DIFO-488) but not from the first (DIFO-647) (Fig. 3, E and F; fig. S10; and movie S3). In
caudal regions of the pharyngeal epidermis that were labeled during both reactions, we noticed
acorrugated distribution of glycans in which old glycans were restricted to peaks at the extreme
ventral surface and new glycans were produced in troughs projecting dorsally (Fig. 3G and
movie S4). This corrugated pattern was not observed in other regions of the animal (for
example, Fig. 3H and fig. S11). Analysis of the olfactory organ also revealed a clear spatial
distinction between the old and new glycans. The more recently produced glycans were
predominantly localized in the olfactory pit, whereas older glycans were present in both the
olfactory pit and epithelium (Fig. 31 and movie S5). The order of treatment with the two DIFO-
fluorophores had no effect on the observed patterns (fig. S12).

Finally, we expanded our analysis to encompass the period from 60 to 72 hpf using three DIFO-
fluorophore conjugates (DIFO-647, DIFO-488, and DIFO-555; fig. S2). A population of
doubly reacted embryos was generated as before but then quenched with TCEP a second time,
allowed to develop for 9 hours in AcsGalNAz, and finally labeled with DIFO-555 (fig. S7).
Glycan production between 63 and 72 hpf was evident throughout the jaw region (Fig. 4, A to
C, and movies S6 and S7), which was labeled robustly with DIFO-555 but minimally with
DIFO-647 and -488. In contrast, cells analyzed from the extreme rostral region displayed
DIFO-555 fluorescence on the cell membrane as well as intracellular DIFO-647 and -488
fluorescence derived from internalized older glycans (Fig. 4D). Additionally, the kinocilia of
mechanosensory hair cells surrounding the head of the embryo displayed fluorescence from
DIFO-555 but not from DIFO-647 or -488 (Fig. 4E and movie S8). In contrast, adjacent
epithelial cells displayed fluorescence from all three DIFO reagents, indicating their maturation
during an earlier period in development. We also observed newer, DIFO-555—labeled glycans
on cilia in the olfactory pit, whereas the majority of the DIFO-647 and -488 fluorescence was
localized in the olfactory epithelium (Fig. 4F, fig. S13, and movie S9). Thus, olfactory pit
glycans may be rapidly degraded or released from the embryo; alternatively, glycans produced
in the olfactory pit may migrate to the olfactory epithelium.

Metabolic labeling with Ac,GalNAz followed by detection via copper-free click chemistry
revealed differences in the cell-surface expression, intracellular trafficking, and tissue
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distribution of glycans throughout zebrafish embryogenesis. This approach may be generalized
to alternative imaging modalities and to other biomolecules (5) [for example, sialic acids can
be imaged with N-azidoacetylmannosamine (fig. S14)].
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Fig. 1.

Ac,GalNAz is metabolically incorporated into zebrafish glycans. (A) Schematic depicting the
use of metabolic labeling with Ac,GalNAz and copper-free click chemistry using DIFO probes
for the noninvasive imaging of glycans during zebrafish development. (B) Flow cytometry
analysis of ZF4 cells metabolically labeled with Ac,GalNAz. ZF4 cells were incubated with
Ac,GalNAz (0 to 100 puM, 3 days) and subsequently reacted with DIFO-488 (10 uM, 1 hour).
Error bars represent the standard deviation from three replicate samples. (C) Immuno-blot
analysis of lysates from zebrafish embryos at 120 hpf incubated with Ac4GalNAc (Ac) or
Ac,GalNAz (Az), probed with horseradish peroxidase—conjugated antibody to Flag (top panel)
or antibody to B-tubulin (bottom panel).
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Fig. 2.

In vivo imaging of glycans during zebrafish development. (A and B) Zebrafish embryos were
metabolically labeled with Ac,GalNAz (Az) or Ac,GalNAc (Ac) starting at 3 hpf. (A) Embryos
were reacted at 72 hpf with DIFO-647 for 1 hour. The right panel indicates an exposure time
that is 20 times longer than that in the other two panels. (B) Embryos were reacted at 72 hpf
with DIFO-647 for 1 to 60 min. Asterisks denote autofluorescence. (C) Zebrafish embryos
incu- bated with Ac,GalNAz or AcsGalNACc (fig. S6) starting at 3 hpf were reacted with
DIFO-647 at 24 hpf and subsequently at 12-hour intervals, viewed laterally and ventrally
(alternating panels). (D and E) Zebrafish from (C) imaged at higher magnification at 60 hpf
(D) or 72 hpf (E), viewed laterally (left panels) and ventrally (right panels). Solid arrowhead,
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olfactory organ; open arrowhead, pectoral fin. Dotted line indicates the pharyngeal epidermis
in the jaw region. Scale bars in (A) and (C), 500 um; in (B), (D), and (E), 200 um.
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Fig. 3.

Identification of temporally distinct glycan populations during zebrafish development using
two-color labeling. Zebrafish embryos metabolically labeled with AcsGalNAz from 3 to 60
hpf were reacted with DIFO-647 between 60 and 61 hpf and then reacted with DIFO-488 either
between 61 and 62 hpf [(A) to (D)] or, after an additional 1 hour of metabolic labeling with
Ac4GalNAz, between 62 and 63 hpf [(E) to (1)]. Control embryos incubated with AcsGalNAc
and otherwise reacted with the same DIFO-fluorophore probes are shown in figs. S9 and S10.
(A) Brightfield image of a frontal view. (B) z-projection (left panel) and x-projection (right
panel) fluorescence images of the mouth region. (C) Brightfield image of a lateral view. (D)
Single z-plane fluorescence image of the pectoral fin region. (E) Brightfield image of a ventral
view of an embryo at 63 hpf. (F) Single z-plane fluorescence image of (E) displaying intense
DIFO-488 fluorescence but not DIFO-647 fluorescence. (G) Left panel, single z-plane
fluorescence image of the jaw region; middle and right panels, z-projection (middle panel) and
x-projection (right panel) fluorescence images of the region highlighted in the left panel. (H)
z-projection (left panel) and y-projection (right panel) fluorescence images of the mouth. (1)
z-projection fluorescence image of the olfactory organ. Highlighted are the olfactory
epithelium (oe) and olfactory pit (op) regions. In (B), (D), and (F) to (1), red is DIFO-647 (60
to 61 hpf) and green is DIFO-488 [61 to 62 hpf in (B) and (D) and 62 to 63 hpf in (F) to (1)].
Scale bars in (A), (C), (E), and (F), 100 um; in (B), (D), (G) (left panel), (H), and (1), 10 um;
in (G) (middle and right panels), 5 um.

Science. Author manuscript; available in PMC 2009 June 24.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Laughlin et al.

Page 9

merge

Fig. 4.

Spatiotemporal analysis of de novo glycan biosynthesis during zebra-fish development
between 60 and 72 hpf. Zebrafish embryos metabolically la- beled with Ac,GalNAz from 3 to
60 hpf were reacted with DIFO-647 between 60 and 61 hpf, metabolically labeled with
Ac,GalNAz for 1 hour, and reacted with DIFO-488 between 62 and 63 hpf. The embryos were
metabolically labeled with Ac,GalNAz for an additional 9 hours and then reacted with
DIFO-555 between 72 and 73 hpf. (A) z-projection fluorescence image of a lateral view. (B)
Single z-plane fluorescence images of the region highlighted in (A). (C) Single z-
planefluorescenceimage of a ventral view of the jaw region. (D) Left panel, z-projection
fluorescence image of cells in the region highlighted in (C); middle and right panels, z-
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projection (middle panel) and x-projection (right panel) fluorescence images of the cells
highlighted in the left panel (white dashed rectangle). (E) z-projection (left panel) and x-
projection (right panel) fluorescence images of kinocilia. (F) z-projection fluorescence image
of the olfactory organ. Highlighted are the olfactory epithelium (oe) and olfactory pit (op)
regions. Blue, DIFO-647 (60 to 61 hpf); green, DIFO-488 (62 to 63 hpf); red, DIFO-555 (72
to 73 hpf). Scale bars in (A), and (C), 100 um; in (B), 25 um; in (D) and (F), 10 um; in (E), 5
pm.
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