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We report a lipid-based strategy to visualize Golgi structure and dynamics at super-resolution in
live cells. The method is based on two novel reagents: a trans-cyclooctene-containing ceramide
lipid (Cer-TCO) and a highly reactive, tetrazine-tagged near-IR dye (SiR-Tz). These reagents
assemble via an extremely rapid ‘tetrazine-click’ reaction into Cer-SiR, a highly photostable “vital
dye’ that enables prolonged live cell imaging of the Golgi apparatus by 3D confocal and STED
microscopy. Cer-SiR is non-toxic at concentrations as high as 2 uM and does not perturb the
mobility of Golgi-resident enzymes or the traffic of cargo from the endoplasmic reticulum through
the Golgi and to the plasma membrane.
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Super-resolution ‘nanoscopes’ greatly increase the resolving power of light microscopes,
revealing new details of organelle structure, function, and dynamics.[*] However the
complex requirements for nanoscopy pose real challenges for fluorophore design and
labelling: the fluorophore must be bright, photostable, and live cell-compatible, and the
labelling must yield a high fluorophore density that is benign to organelle function. As
nanoscopes push the resolution to tens of nanometers[? there is a critical need for high
density yet photostable probes3! to demark organelle boundaries and study their
dynamics.[4] While most nanoscopes image labelled proteins, ! lipids are a complementary
attractive target,[®] as they are present at approximately a hundredfold higher density and
their organization defines the de facto boundary of the organelle. Commercial fluorescent
lipids, such as BODIPY® FL Cs-ceramidel”! are cell permeable, and widely used to label
the Golgi, but they bleach too rapidly for prolonged imaging or super-resolution methods.
Photostable dyes typically used for STED microscopy, such as Atto™ 647N and
STARG635!8], suffer from non-specific binding[®! and lack of cell permeability and are ill
suited for live cell STED imaging of intracellular structures.

Herein we report a strategy to visualize Golgi structure and dynamics at super-resolution in
live cells using a novel lipid-based fluorescent probe as a contrast agent. The labelling logic
is based on two novel reagents: a trans-cyclooctene-containing ceramide lipid (Cer-TCO)
and a highly reactive, tetrazine-tagged, near-IR dye (SiR-Tz). These reagents rapidly
assemble via a “tetrazine-click’ reaction[1% into Cer-SiR, a non-toxic ‘vital dye’ whose
extreme photostability enables prolonged live cell imaging by 3D confocal and STED
microscopy (Figure 1). Cer-TCO was synthesized in 6 chemical steps; SiR-Tz was
synthesized via a route modeled after SiR-6-Me-Tz (Scheme S1-2).[11]

To evaluate if the Golgi could be selectively imaged using Cer-SiR, we used HelLa cells that
stably expressed a protein fusion composed of GFP and N-acetylgalactosaminyltransferase 2
(GalNACT2), a bona fide Golgi reporter.[12] These cells were treated with 2 pM Cer-TCO (5
min), maintained at 19.5 °C for 60 min to localize the lipid to the Golgi,[*3] treated with 2
UM SiR-Tz (30 min), and visualized by confocal microscopy (Figure 2A). As expected,
GalNAcT2-GFP displays a typical Golgi perinuclear localization regardless of whether or
not Cer-TCO or SiR-Tz were added (Figure S3 and 2B). However, treatment of cells with
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Cer-TCO followed by SiR-Tz led to bright red labeling at the Golgi region (Figure 2C, D
and S2); [24] premixed SiR-Tz and Cer-TCO are not suitable for Golgi labeling, presumably
due to the low cell permeability of Cer-SiR. The GaINAcT2-GFP and Cer-SiR signals
colocalized with a Pearson’s coefficient of 0.50 £ 0.02; the signals from GaINAcT2-GFP
and SiR-Tz was 0.08 = 0.01 (p<0.0001) (Figure S5), supporting that Cer-TCO effectively
localized to the Golgi and reacted efficiently with SiR-Tz.

To verify that the Golgi was functional in cells treated with Cer-TCO and SiR-Tz, we
monitored traffic both through and within the Golgi. First, we transiently expressed HeLa
cells with the fusion protein ‘TfRc-Fy,4-pH’, which consists of the transferrin receptor
(TfRc), four F36M-FKBP (Fy;) domains, and pHluorin, a pH sensitive mutant of GFP.[1°]
Fusion proteins containing four Fy, domains aggregate and remain trapped in the
endoplasmic reticulum (ER),[16] but de-aggregate rapidly upon addition of ‘D/D’-
solubilizer [171 (Clontech #635054) (Figure 3A). Expression of TfRc-Fy4-pH led to large
fluorescent perinuclear punctae (Figure 3B, 0 min, left panel). As expected, addition of
‘D/D’ solubilizer caused the TfRc-Fy4-pH to traffic to the Golgi and then to the plasma
membrane (PM), where it was detected on the cell surface by immunostaining (Figure 3B,
60 min (left panel). Importantly, Cer-TCO and SiR-Tz (as described above) caused no
obvious change in the ability of TfRc-Fy4-pH to traffic through the Golgi and to the PM
(Figure 3B, 60 min., right panel).

To quantitatively determine if different concentrations of Cer-TCO/SiR-Tz perturbed traffic
of TfRc-Fpm4-pH through the Golgi we adapted this assay to ratiometrically monitor the
fraction of TfRc-Fy4-pH that reached the PM in the presence or absence of Cer-TCO/SiR-
Tz. Specifically, we compared the total fluorescence in cells due to TfRc-Fy4-pH (green
channel) to the amount on the cell surface by detecting the latter with an Alexa-568 anti-
GFP antibody (red channel) at 0 and 60 min after the addition of ‘D/D’ solubilizer. Cells
were treated with 0, 2 or 5 UM of Cer-TCO and SiR-Tz and the amount of TfRc-Fy4-pH
within the cell and at the PM was quantified by ImageJ[*8] at 0 min (immediately after
addition of ‘D/D’ solubilizer) and after 60 min (Figure 3C). Notably, excluding highly
overexpressing cells, plots of the raw GFP (green) and Alexa-568 (red) signals (Figure S6)
or the red/green ratio (Figure 3C) are virtually identical regardless of whether the cells were
treated with Cer-TCO and SiR-Tz or not. This ratiometric inside/out assay supports that Cer-
TCO and SiR-Tz had no effect on the fraction of TfRc-Fy4-pH that trafficked from the ER
to plasma membrane via the Golgi apparatus.

To further test whether Cer-TCO and SiR-Tz affected traffic within the Golgi, we used
HeL a cells that stably expressed GaINAcT2-GFP12] and monitored its intra-organelle
mobility by fluorescence recovery after photobleaching (FRAP) (Figure 4A).[191 A small
rectangular area of the Golgi (~2.2 microns wide) was photobleached at 488 nm and FRAP
was monitored over 490 seconds (Figure 4). Importantly both the t1, of recovery and
mobile fraction were unchanged when the cells were treated with Cer-TCO alone or the
combination of 5 pM Cer-TCO and 1 pM SiR-Tz (Figure 4C). Thus, treatment of cells with
these probes had no detectable change in the diffusion of GaINAcT2-GFP within the Golgi
apparatus.
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In the above experiments the cells were exposed to Cer-TCO/SiR-Tz for minutes, a
relatively short time period. To evaluate whether this Golgi labeling strategy would result in
cell- or photo-toxicity over prolonged periods (hours), HeLa cells were treated with varying
concentrations of either Cer-TCO/SiR-Tz or BODIPY® FL Cs-ceramide (BODIPY-Cer),["]
a vital fluorescent dye that labels the Golgi. Live cell phase contrast and fluorescent images
acquired every 10 min over a period of 6-10 hours showed no adverse effect of 2 uM Cer-
TCO/Sir-Tz on cell morphology or number (Figure 4D and E). In contrast, 5 M BODIPY-
Cer (the concentration typically usedl™) induced cell rounding and de-attachment after ~6
hours (Figure 4D); this observation suggests a need for caution in using BODIPY-Cer in
long-term experiments. Together, the results of these three different assays indicate that
neither the reaction components Cer-TCO and SiR-Tz nor their reaction product Cer-SiR
has any significant effect on cell morphology (Figure 4D), mobility of proteins (GaINAcT2-
GFP) within the Golgi (Figure 4A-C), or in cargo traffic (TfRc-Fy4-pH) from the ER
through the Golgi and to the PM (Figure 3).

We next compared the relative photostability of Cer-TCO/SiR-Tz to both BODIPY-Cer and
the SiR labeled SNAP-tag Golgi protein, Rab6; the latter is the product of reaction between
Rab6-SNAP and a benzyl guanine derivative of SiR (SiR-BG)[!1] and thus contains the
same near-IR dye as SiR-Tz (Figure 5).[20] HeLa cells were treated with Cer-TCO/SiR-Tz or
BODIPY-Cer, while Rab6-SNAP-expressing cells were treated with SiR-BG. The cells were
then examined in sequential 3D images using spinning disk confocal microscopy; 3D
visualization limited fluctuations due to axial sample drift. In each case, 3D ‘stacks’ of 22
optical sections were acquired in series up to 500 times in live or fixed cells (Figure 5A-C).
In live cells, even under optimal imaging conditions the BODIPY-Cer fluorescent signal
decreased by 50% after fewer than 15 stacks. In striking contrast, the fluorescent signal of
cells treated with 2 pM Cer-TCO followed by 2 pM SiR-Tz decreased by only 10% after
more than 120 3D stacks had been acquired. The signal from Rab6-SNAP-SIR decayed at an
intermediate rate, decreasing by 50% after ~50 3D stacks. Striking differences between
Rab6-SNAP-SIR and Cer-SiR were also observed in fixed cells; after 500 3D stacks the
fluorescent signal of Cer-SiR decreased 16% whereas that of Rab6-SNAP-SIR decreased by
84%. We note that the initial average intensity per cell of Cer-SiR and Rab6-SNAP-SiR
were similar in live and fixed cells, yet Cer-SiR was more resistant to photobleaching. While
the precise mechanism of the enhanced photostability of Cer-SiR will require additional
investigation, the net effect is a vital dye that allows very long 3D time lapse imaging of
Golgi dynamics.[21]

The extreme photostability of Cer-SiR makes it particularly well suited for STED
microscopy, which uses confocal line scanning with a powerful donut-shaped depletion
beam to achieve super-resolution. While in principle most fluorescent dyes are suitable for
STED, in practice the high intensity laser used to rapidly and repeatedly cycle molecules
between their ground and exited states can drive dyes into triplet or other high energy states
and cause them to quickly bleach. While “anti-fade’ triplet state quenchers such as Trolox
and cyclooctatetraenel?2] can mitigate this effect, they are toxic to live cells. SiR is a
remarkable dye for live cell STED as it is cell permeable and similar in photostability to top
STED dyes such as Atto647N.[11]
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To evaluate the merits of Cer-SiR for super-resolution imaging of the Golgi, GaINACT2-
GFP cells were labeled with Cer-TCO and SiR-Tz, as described above, and imaged by
confocal and STED microscopy on a commercial Leica instrument (Figure 6). As expected
the STED image is sharper as seen in the image and the line profiles across the Golgi,
demonstrating the suitability of Cer-SiR for STED microscopy. We next performed a direct
comparison of the relative photostabilities of Cer-SiR and SiR-SNAP-Rab6 in fixed cells
using a custom STED microscope that is optimized for rapid image acquisition (Figure 6B).
Cells labelled with Cer-SiR or SiR-SNAP-Rab6 were continuously imaged at a rate of 0.52
frames/sec for 29 min (900 images) and the intensity of a line across the Golgi was plotted
(Figure 6B). The images of cells labeled with Cer-SiR were stable throughout the 900
images, whereas those labeled with SiR-SNAP-Rab6 lost half their fluorescence after about
300 images; these data are consistent with the 3D spinning disk confocal results (Figure 5).
Indeed, the exceptional resolution and photostability enabled by Cer-SiR allowed vesicles to
be visualized budding and exiting the Golgi (Figure 6C and Supplemental Movie 1).

In summary, we report herein two novel reagents that enable Golgi structure and dynamics
to be visualized at super-resolution in live cells. The two reagents, a trans-cyclooctene-
containing ceramide lipid (Cer-TCO) and a highly reactive, tetrazine-tagged near-IR dye
(SiR-Tz) assemble via an extremely rapid ‘tetrazine-click’[1% reaction into Cer-SiR, a ‘vital
dye’ that enables prolonged live cell imaging of the Golgi apparatus by 3D confocal and
STED microscopy. Cer-SiR is exceptionally photostable and should greatly facilitate
subsequent studies of Golgi dynamics in primary cells and tissue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Two-step procedure for high-density labeling of the Golgi in living cells. Cells are treated

first with Cer-TCO, a trans-cyclooctene-containing ceramide lipid, and then reacted with
SiR-Tz, a tetrazine derivative of a highly photostable silicon rhodamine dye. The product of
this reaction, Cer-SiR (only one isomer shown), allows extensive live cell imaging by 3D
confocal and STED super-resolution microscopy.
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Cer-TCO localizes and reacts with SiR-Tz to visualize the Golgi in live cells. a) HeLa cells
expressing the Golgi reporter protein GaINAcT2-GFP were treated with Cer-TCO (2 uM),
subjected to a temperature block to accumulate the ceramide lipid in the Golgi, and labeled
with SiR-Tz (2 uM). b—d) Incubation with SiR-Tz alone does not label the cells, whereas
treatment with Cer-TCO and Sir-Tz leads to a reaction product (red) that colocalizes with

the Golgi marker GaINAcT2-GFP (green); see also Figure S2.
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Figure3.

a)gEndpoint trafficking assay using TfRc-Fy4-pH and ‘D/D’ solubilizer to distinguish
between cargo that reached the plasma membrane or remained inside the cell. b) HelLa cells
expressing TfRc-Fp4-pH (green) were treated with or without Cer-TCO and SiR-Tz and
fixed 0 or 60 min after the ‘D/D’ solubilizer-promoted release of TfRc-Fy4-pH from the
ER. Cells were immunostained to visualize the Golgi (magenta) and TfRc-Fy4-pH on the
cell surface (red). At 0 min, TfRc-Fy4-pH (green) is localized to the ER, whereas at 60 min
it is localized to the cell surface. Nuclei were stained with Hoechst 33342 (blue). c) Ratio of
red/green channels shows the fraction of cargo (TfRc-FM4-pH) that reached the surface.
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Figure4.
Intra-Golgi trafficking is unaffected by Cer-TCO and SiR-Tz. a) Cells expressing

GalNACcT2-GFP (green) are labeled with Cer-TCO and SiR-Tz, photobleached, and the
fluorescence recovery after photobleaching monitored vs. time. b) Examples of fluorescence
recovery at 0-490 sec after photobleaching cells treated with or without Cer-TCO/SiR-Tz. c)
Plots showing that fluorescence recovery occurs at a similar rate and extent irrespective of
Cer-TCO/SiR-Tz concentration and with or without temperature block. d) Differential
effects of prolonged illumination on GalNacT4-GFP (green) cells labeled with BODIPY-Cer
(green) or Cer-TCO and SiR-Tz (red). D = cells dividing; * = dying cell. ) Quantification of
live cell data from (d) shows the relative number of healthy cells as a function of time after
different conditions.
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Figureb5.
Golgi labeled with the lipid Cer-SiR is extremely stable to prolonged illumination using

spinning disk confocal microscopy. a) Images show cells labeled with Cer-SiR (Cer-TCO
+SiR-Tz), BODIPY-Cer, or the protein Rab6-SNAP labeled with SiR (Rab6-SNAP+SIiR-
BG) after acquisition of 1-120 3D image stacks (22 images/stack). b) Plot of the relative,
average per-cell intensity of cells labeled with different lipid and protein probes as a
function of the number of acquired 3D stacks.
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Figure®6.
Super-resolution imaging of the Golgi in live cells using Cer-SiR. a) Confocal and STED

images of the Golgi in live cells treated with Cer-TCO and SiR-Tz. Line traces through the
Golgi (yellow) show the greatly improved resolving power of STED (right panel). b)
Kymographs (line profile vs. time) of fixed cells imaged by STED in which the Golgi was
labeled with Cer-SiR or SiR-SNAP-Rab6 (Rab6 is a Golgi targeted protein); note that the
signal decays much more quickly when the protein is labeled with SiR. ¢) Time lapse STED
of vesicle budding and trafficking out of the Golgi (green arrowhead).
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