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Chapter 2

Abstract

In the field of lipid research, bioorthogonal chemistry has made the study of lipid
uptake and processing in living systems possible, whilst minimising artefacts on their
biology resulting from pendant detectable groups. To allow the study of unsaturated
free fatty acids in live cells, this Chapter reports the first use of sterculic acid, a
naturally occurring 1,2-cyclopropene-containing fatty acid, as a bioorthogonal probe
that can be reacted in the live-cell compatible Inverse Electron-Demand Diels-
Alder Reaction (IEDDA). The fatty acid can be readily taken up by dendritic cells
without toxic side-effects, and it can subsequently be visualised using a IEDDA
reaction with quenched tetrazine-fluorophore conjugates. This reaction can also be
integrated into a multiplexed bioorthogonal reaction workflow by combining it with
two sequential copper-catalysed azide-alkyne cycloaddition reactions. This allows
for the simultaneous study of uptake and incorporation of multiple biomolecules in
the cell by multimodal confocal imaging.

This chapter is adapted from the publication:

K. Bertheussen, M. van de Plassche, T. Bakkum, B. Gagestein, I. Ttofi, A. J. C.
Sarris, H. S. Overkleeft, M. van der Stelt, S. |. van Kasteren, Angew. Chem. Int.
Ed. 2022, 61.
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Introduction

Lipids serve a myriad of roles in biology; as a catabolic carbon source', components
of cellular and organellar membranes?, post-translational protein modifications?,
and signalling molecules*. The study of their contributions in biology is complicated
by their lack of direct genetic encoding, their inherent lipophilicity, and the fact that
chemical modifications, e.g. with pendant fluorophores, can severely alter their
structure and biochemical properties.®

As a result, major efforts have gone into applying bioorthogonal chemistry to the
study of lipid biochemistry. By introducing small terminal alkynes and azides in fatty
acid tails®'", phospholipids'>'3, sphingolipids™, and cholesterol'®", it has been
possible to study lipids with only minimal modifications compared to the endogenous
molecules. This strategy reduces the chances of the modifications affecting the native
function of the lipid and has successfully been used to study lipid localisation'12.13.17,
metabolism™ 16, and trafficking'®%°, as well as post-translational lipidation of proteins
(reviewed by Distefano and co-workers?'). However, the downside of labelling lipids
with alkynes/azides has been the lack of live-cell compatible chemistries that can be
used with low background reactivity and fast reaction rates.?>2 Another complicating
factor when performing bioorthogonal ligation on lipids is imposed by the hydrophobic
environment in which the probes reside. Optimising the fluorescent reaction partners,
particularly for live-cell imaging, is thus necessary.

In 2008, the groups of Fox and Weissleder reported the inverse electron demand
Diels-Alder (IEDDA) reaction — the reaction between an electron-poor diene, such
as a tetrazine, and a strained or electron-rich dienophile — as a new bioorthogonal
reaction.?*#? This reaction was considered highly favourable for live-cell use due to
its high reaction rates and the fluorescence quenching properties of the tetrazine
(reviewed by Bernardes and co-workers®). The most used dienophile, trans-
cyclooctene (TCO), is a relatively large modification compared to terminal alkynes or
azides?, but has been used successfully to label, among others, the Golgi-membrane
with a TCO-modified ceramide probe.?2° However, for most lipids where chemical
modifications to the structure can largely affect their function, smaller dienophiles
are needed.>'® An important advance in the application of the IEDDA reaction to live-
cell studies of lipid function, was the development of sterically minimal dienophiles.
To this end allyl-thiols were reported by Bernardes and co-workers.*® However,
these proved to have rather slow reaction kinetics (< 0.002 M-'s™"). Devaraj and co-
workers®', and Prescher and co-workers®? simultaneously reported cyclopropenes,
so-called MiniTags, as minimal reactive dienophiles®**34. These cyclopropenes were
incorporated into the head groups of phospholipids and were capable of reacting
with rate constants of up to 13 M-'s™" in an IEDDA reaction®!, whilst only being slightly
larger than alkynes and azides?’. However, since the modifications were made in the
phospholipid head groups, they could not be used to study fatty acid biology and the
modification of proteins with fatty acids. Still, the above-mentioned properties make
them an attractive alternative to TCO. Cyclopropenes are also reported to have
been incorporated into glycans®*%, lignin polymers®, and nucleotides®, combined
with live-cell IEDDA reaction and imaging, emphasising their applicability as a
bioorthogonal probe.
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As discussed by Row and Prescher, it is often useful to look to nature for new
bioorthogonal probes, as even rare motifs presentin natural products indicate stability
and compatibility in living systems.?” In light of this, Nunn’s 1952 discovery® of the
plant metabolite sterculic acid (StA), a carbocyclic fatty acid® found in the kernels
of Sterculia foetida, was intriguing. This 18-carbon cis-unsaturated lipid contains
a naturally occurring 1,2-substituted cyclopropene-ring at C9-C10. In plants, it is
synthesised by addition of a methylene unit to the double bond of oleic acid (18:1,
cis-9), followed by enzymatic dehydrogenation to yield the cyclopropene ring.* It
was not known whether this molecule could be used in live-cell compatible labelling
chemistry as a bioorthogonal oleic acid analogue, but it is known to be biologically
stable and represents a minimal structural modification of one methylene group
compared to the parent oleic acid structure. Furthermore, all previously described
bioorthogonal IEDDA applications have been explored for cyclopropenes with 1,3-
, 3,3- or 1,2,3-substitution patterns®'*24', whereas there has been no report of a
1,2-substituted cyclopropene as a bioorthogonal probe.

Here, the use of StA as a bioorthogonal probe was assessed for its reaction kinetics,
short-term toxicity, and live- and fixed-cell imaging capability. It was shown that the
fatty acid was readily taken up by dendritic cell lines and could be used for live-
cell microscopy by reaction with a tetrazine-fluorophore conjugate (Figure 1). The
reaction was furthermore explored in a multiplexed reaction setup.*? Multiple groups
have previously described that it is possible to combine up to three bioorthogonal
ligation reactions in a triple mutually orthogonal system, which allows the tracking
of multiple bioorthogonally labelled biomolecules in a single sample.**** Previous
efforts in the group have focussed on the multiplexing of two copper-catalysed
azide-alkyne cycloaddition (CuAAC) reactions.*¢ Here, it was explored whether StA
also proved compatible with the CuAAC reactions, allowing a triple-click labelling
strategy. These experiments all indicate that StA is a valuable reagent to study fatty
acid uptake in immune cells.
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Figure 1: Schematic overview of A) the inverse electron-demand Diels-Alder (IEDDA) reaction
between sterculic acid and a quenched tetrazine-fluorophore conjugate. B) the approach
to label dendritic cells with sterculic acid, followed by an IEDDA reaction with tetrazine-
fluorophore conjugates to allow for live-cell confocal imaging. The figure is partially made with
BioRender.

Results & Discussion

To assess whether StAcould be usedinalive-cellIEDDAreaction, alibrary of tetrazine-
conjugated turn-on fluorophores was designed and synthesised by Dr. Merel van de
Plassche (Figure 2). The full description of the synthesis and characterisation of all
compounds can be found in the publication by Bertheussen et al.*” Tetrazines have
a broad absorption spectrum, which peaks around 515 nm, meaning it can efficiently
quench fluorescent dyes of wavelengths <550 nm via fluorescence resonance energy
transfer (FRET).34° Therefore, tetrazine-fluorophore conjugates are so-called turn-
on fluorophores, where their fluorescent intensity increases upon ligation, and
their reaction with StA can be readily quantified. Two different green fluorophores,
BODIPY and Alexa Fluor 488 (AF488) were selected, and ligated to three differently
substituted tetrazines (H-, methyl- or pyridyl-substituted), because of the spectrum
of reactivity and stability they covered.®® Additionally, the tetrazines were attached
to the BODIPY core at two different distances, as previous research has shown
that decreasing the distance between the fluorophore and the tetrazine can improve
the quenching effect.’"® It has been suggested that the improved quenching effect
occurs via an alternate mechanism, through-bond energy transfer (TBET), and not
FRET.52 Photophysical characterisations of the tetrazine-fluorophore conjugates 1-8
can be found in Figure S1 and Table S1.
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1. R, =Me 4.R, = Me
2.R; =Pyr 5.R, = Pyr
3.Ry=H 6.R,=H

Figure 2: Structures of tetrazine-fluorophore conjugates 1-8 that were synthesised by Dr.
Merel van de Plassche (full synthesis is described in the publication by Bertheussen et al.*’)

To investigate the fluorescence turn-on of the synthesised fluorophores 1-8 upon
reaction with StA, the fluorophores were incubated with StA in either PBS, DMSO/
H,O (1:1, v/v) or complete RPMI 1640 medium augmented with 10% fetal calf serum,
and the fluorescent signal was measured over time (Figures 3 and S2). In line with
previous reports, the two BODIPY-tetrazine conjugates 7 and 8 showed the highest
turn-on ratio in PBS, followed by BODIPY FL-tetrazine conjugates 4 and 5.5"52 |t
was also found that H-substituted tetrazine 6, and pyridyl-substituted tetrazines 5
and 8 reacted faster than methyl-substituted tetrazines 4 and 7, in agreement with
the observations of the Hilderbrand group.®® This is also reflected in the second-
order rate constant for these reactions, which are calculated for tetrazines 4-5 and
7-8 that display turn-on effects in PBS (Table S1). Surprisingly the H-substituted
tetrazine 6 showed little turn-on in PBS. It has previously been suggested that
H-substituted tetrazines can be too unstable to be used in biological applications.**
Stability assessment of the tetrazine library in PBS (Figure S3A) indeed confirmed
that 6 was prone to degradation over time. It was therefore possible that the reaction
between StA and 6 cannot go to completion because of competition with hydrolytic
degradation and unquenching of the H-substituted tetrazine. This is further supported
by the observation that the relative fluorescent intensity (RFU) of tetrazines 1-3
and 6, all showing little turn-on in PBS, at the starting point is high compared to
the maximum RFU measured (Figure S3B). Also, tetrazines 1 and somewhat 2
show decreased stability over time, which could partially explain their low turn-on
ratios. However, all AF488-tetrazine conjugates 1-3 showed very little quenching
by the pendant tetrazines (Figure 3). This is difficult to explain, as non-sulfonated
analogues such as difluorinated-fluorescein are reported to show good turn-on.5'
A possible explanation for this could either be poor resonance energy transfer*,
photo-induced electron transfer®®, or “energy transfer to a dark state” that have been
reported to be important quenching mechanisms for longer bond-length tetrazines.*
Some loss of fluorescence, likely due to photobleaching, was also observed for 7
and 8. In DMSO/H,O or complete medium little-to-no turn-on was observed for all
the fluorophores (Figure S2). For turn-on measurements in DMSO/H,O, this could
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be explained by the high intrinsic fluorescence for almost all the fluorophores (except
8) in the solvent, as shown in Figure S3B.
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Figure 3: Average turn-on ratio of tetrazine-fluorophore conjugates 1-8 upon reaction
with sterculic acid in PBS at 25 °C. All conditions were measured in triplicate, and standard
deviations are indicated.

Due to the capricious turn-on behaviour of the tetrazine-fluorophore conjugates,
all of conjugates were assessed in a live-cell imaging experiment with StA (Figure
S4). In contrast to the cell-free medium results discussed above, 4-8 all exhibited
successful ligation after uptake of StA by DC2.4 dendritic cells®. This cell line was
chosen due to its excellent imaging properties and previous experience in using
it as an in vitro model cell line for optimising bioorthogonal chemistry.®® The Alexa
Fluor-based dyes 1-3 were unable to react with StA in live cells. This is likely due to
the hydrophilic nature of these fluorophores, caused by their sulfonation pattern, not
allowing them to diffuse over the hydrophobic plasma membrane. This is in line with
previously reported data.>*° Fluorophore 7 showed the brightest labelling with the
lowest background fluorescence, allowing for imaging at lower laser intensities. As
this leads to less bleaching of the sample, 7 was deemed to be the best fluorophore
for live-cell imaging (Figure 4A). During live-cell labelling, H-, methyl- and pyridyl-
substituted tetrazines give equally bright fluorescent signals, and the substituent on
the tetrazine core thereby appears to not make a difference.
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Figure 4: Confocal imaging of DC2.4 cells incubated with sterculic acid (+StA, 50 uM) or
without the probe (-StA). A) Live-cell imaging of labelled cells visualised with fluorophore
7 (5 uM). B) Fixed-cell imaging of labelled cells visualised with 6 (5 uM). The samples were
washed after metabolic incorporation of StA and after ligation with the fluorophore-tetrazines
and were imaged at >4 distinct locations in the same well. DNA was counterstained with
Hoechst 33342 (blue) for reference. Scale bars represent 10 um.

To evaluate whether StA was also able to react with the tetrazine-fluorophore
conjugates in fixed cells, the entire fluorophore library was also tested on fixed
and permeabilised cells (Figure S5). Consistent with the results found in live cells,
fluorophores 4-6 were able to visualise the localisation of StA. As opposed to the
live-cell imaging, 1-3 showed labelling in fixed and permeabilised cells. However,
the intensity of the signal of 1 and 2 was too low to be detected at the same laser
settings as 4-6. Upon increased laser intensity, these fluorophores also showed
signal over background (Figure S6). The signals of 7 and 8 were the brightest of
the library, but showed oversaturated spots in fixed cells, which could originate from
precipitation of the fluorophores under the reaction conditions. A general trend seen
from the tetrazine library in fixed cells is that the H-substituted tetrazines give the
brightest signal, followed by the pyridyl tetrazines. Fluorophore 6 was deemed to be
the best alternative for fixed cells, due to its bright and consistent labelling (Figures
4B & S5), despite showing low turn-on in PBS (Figure 3). A direct comparison
between the turn-on study and cellular imaging is difficult, due to differing conditions
in the two situations. In the turn-on study, there is an excess of StA reacting with
the fluorophores, whereas the concentration of StA after metabolic incorporation
for cellular imaging is the limiting factor, leading to an excess of the fluorophores
instead. In addition, unreacted and potentially degraded fluorophore was routinely
washed away before imaging, reducing the background signal, while this was not
possible for the turn-on study.

In addition to the fluorophore library, StA was also shown to react with the
commercially available (sulfo-)Cy5 tetrazine in a similar manner, allowing its use in
a fixed-cell confocal imaging experiment (Figure S7). Use of the Cy5 fluorophore
shows a similar labelling pattern as described for the other tetrazine-fluorophore
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conjugates, even though it has no turn-on effect.

While unreacted fluorophore was routinely washed away from both live- and fixed-
cell samples prior to confocal imaging to minimise background signal, sample
preparation and preservation, especially for live-cell imaging, would benefit from
the reduction of washing steps. Therefore, it was showed that the turn-on effect of
fluorophores 4-5 and 7-8 upon ligation with StA was sufficient for wash-free live-cell
imaging without any detectable background signal (Figure S8).

The metabolic fate of StA after uptake is not known, but in both live and fixed cells
StA was observed throughout the cells, except for in the nucleus (Figure 4). Since
exogenous free fatty acids can be readily incorporated into phospholipids and other
cellular lipids via an acyl coenzyme A intermediate®!, this could indicate that StA
is incorporated into plasma and organellar membranes. This is in keeping with
StA serving as a mimic for oleic acid, which is known to be found ubiquitously in
membrane lipids.®? In fixed cells (Figure 4B), which are displayed as maximum
intensity projections, it also appears that the fluorescent signal is stronger in the
endoplasmic reticulum (ER). This can be explained by the incorporation of the
free fatty acids into phospholipids through Lands’ cycle and the Kennedy pathway,
which occur mainly at the ER.5® However, this would need to be verified by co-stain
experiments with an ER marker.

Multiplexing of bioorthogonal reactions is growing in popularity, meaning more
complex systems can be studied simultaneously.’* Previous work has, among
other things, shown that two CuAAC reactions can be combined in the same
sample.*® Here, it was explored whether the StA ligation could be included in
this workflow, allowing three biomolecules to be simultaneously visualised by
multimodal fluorescent imaging. DC2.4 cells were metabolically labelled with the
alkyne-containing thymidine analogue 5-ethynyl-2’-deoxyuridine (EdU)®, the azide-
containing palmitic acid analogue 15-azidopentadecanoic acid (azido palmitic acid,
azPA) and StA, after which the cells were fixed before performing the corresponding
bioorthogonal reactions with AZDye 555 azide, AZDye 647 alkyne, and compound
5, respectively (Figures 5 and S9). The facile inclusion of StA in both live-cell and
multi-click workflows — with good signal-to-noise ratios for all three click reactions
indicates that StA does not have detectable cross-reactivity with the CUAAC reagents
or cellular components. This means that StA can be used in combination with other
click chemistries, allowing for the simultaneous study of multiple biomolecules.

As a note of caution, StA has been reported to be an inhibitor of the enzyme stearoyl-
CoA desaturase 1 (SCD1) which catalyses the transformation of saturated fatty
acids such as stearic or palmitic acid to their monounsaturated counterparts oleic or
palmitoleic acid, respectively.®® Lowered activity of SCD1 has been linked to various
cellular responses such as ER stress, autophagy, and apoptosis®, which in turn
poses the question if the addition of StA would be toxic to the cells by its inhibiting
effect on SCD1. To ensure that this was not the case, DC2.4 cells were incubated
with a concentration range of StA and cell viability after 24 h was measured by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Figure
S10). No significant decrease of DC2.4 cell viability was observed for concentrations
of StA up to 50 uM and at higher concentrations there was no difference with
vehicle-induced toxicity. This further strengthens the applicability of StA as a novel
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bioorthogonal analogue of oleic acid. Nevertheless, inhibition of SCD1 should be
considered in future use StA, and other cyclopropene-modified lipids.

|
4 +StA
|

Figure 5: Confocal imaging of triple-bioorthogonally labelled DC2.4 cells incubated with
A) 5-ethynyl-2'deoxyuridine (EdU, 10 uM, yellow) for 20 h, followed by sterculic acid (StA,
50 uM, green) and azido palmitic acid (azPA, 100 uM, red) simultaneously for 1 h. The
probes were visualised with AZDye 555 azide, compound 5, and AZDye 647 alkyne (all
5 uM), respectively. B) The cells were incubated without probes and treated in the same
triple-click manner as described above to show the background signal. The samples were
washed between each metabolic incorporation and between each respective bioorthogonal
reaction and were imaged at 3 distinct locations in the same well. DNA was counterstained
with Hoechst 33342 (blue) for reference. All scale bars represent 10 um

-azPA
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Conclusion

Here, the first use of sterculic acid, a non-toxic 1,2-substituted cyclopropene-
containing fatty acid, for studying lipids in both live and fixed cells has been reported.
The cyclopropene moiety readily reacts with the library of tetrazine-fluorophore
conjugates, allowing the study of fatty acid localisation by confocal microscopy. This
reaction can occur in a mutually orthogonal manner with two subsequent CUAAC
reactions, allowing the study of multiple biomolecules simultaneously. The use
of sterculic acid, means that unsaturated lipids can now be visualised using live-
cell microscopy; a sorely needed addition to the available tools for these elusive
biomolecules.
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Materials & Methods

General. Sterculic acid (#26735) was purchased from Cayman Chemical and stored
as 10 mM or 100 mM stock solutions in DMSO at -20°C. Azido palmitic acid (#1346)
was purchased from Click Chemistry Tools (now VectorLabs) and stored as 10 mM or
50 mM stock solutions in DMSO at -20°C. 5-ethynyl-2’-deoxyuridine (EdU, #900584)
was purchased from Sigma Aldrich and stored as a 10 mM stock solution in DMSO
at -20°C. The tetrazine-fluorophore conjugates 1-8 were synthesised in-house (as
described in the publication by Bertheussen et al.#”), and were stored as 2 mM stock
solutions in DMSO at -20°C. The other fluorophores (sulpho-)Cy5 tetrazine (#1189),
AZDye 555 azide (#1287), AZDye 647 alkyne (#1301) were all purchased from Click
Chemistry Tools (now VectorLabs), and stored as 2 mM stock solutions in DMSO at
-20°C.

Mammalian cell culture. DC2.4 cells were cultured in RPMI 1640 culture medium
(Gibco, #31870025) supplemented with 10% FCS, GlutaMAX (2 mM), sodium
pyruvate (1 mM), 1x non-essential amino acids (NEAA, Thermo Fisher Scientific),
penicillin (100 1.U./mL), streptomycin (50 pyg/mL), and 2-mercaptoethanol (50 uM,
Thermo Fisher Scientific), and incubated at 37 °C, 5% CO,,. The cells were grown to
70-80% confluency and passaged every 2-3 days by trypsinisation.

Measuring turn-on of the tetrazine-fluorophore conjugates. Dilutions of the
fluorophores 1-8 (2 pM) and StA (10 yuM, Cayman Chemical) were prepared in
three solvents; PBS, DMSO/H,O (1:1, v/v), and phenol red-free RPMI 1640 culture
medium (Thermo Fisher Scientific) supplemented with 10% FCS, GlutaMAX (2 mM),
pyruvate (1 mM) and 1x NEAA. The solvents were analysed one at a time by adding
50 pL of the fluorophore dilutions in triplicate in a black 96-well plate, followed by
addition of 50 pL StA dilution or 50 pL only solvent (negative control). This gives
final concentrations of 1 uM fluorophore, and 5 uM StA. The plate was immediately
scanned for fluorescence on a CLARIOstar plate reader (BMG LABTECH) with
excitation/emission at 477-14/530-40 and dichroic filter 497. Fluorescence was
measured once every 60 sec for 120 min. The results were processed and plotted
in GraphPad Prism version 9.3.1 showing the turn-on ratio between the sample
and negative control, as an average of the triplicated samples and with indicated
standard deviations.

Reaction kinetics between tetrazine-fluorophore conjugates and sterculic
acid. To calculate the second-order rate constants (k,) for the reaction between
tetrazines 1-8 and StA, the data assembled for the turn-on measurements (described
earlier) were used and a previously published procedure was followed.®” After
having subtracted background fluorescence values from the data, each curve was
capped at its initial plateau, after the exponential phase, to prevent photobleaching
from affecting the calculations. Each replicate (n=3) was processed separately
for the whole analysis. Since the experiment was performed under pseudo first-
order conditions, the pseudo first-order rate constant k,” was determined using the
‘One phase decay’ regression in GraphPad Prism version 9.3.1 on the data points.
The second-order rate constant was then calculated as k,= k,7c and standard
deviations were calculated for the replicates.

StA?
Preparation of live-cell samples. For microscopy, 6x10° DC2.4 cells were seeded
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per well on an 8-well chamber slide (Ibidi) and allowed to attach for 2 h. The cells
were incubated with StA (50 uM) or no probe (negative control) for 1 h in complete
medium (as described above) with 0.1% fatty acid-free BSA (Sigma Aldrich) instead
of FCS. Cells were washed with fresh medium x3, followed by incubation with the
respective fluorophores 1-8 from the tetrazine library (5 yM) in complete medium
for 1 h. For Figures 4A and S4, the cells were washed with fresh medium x3 after
fluorophore ligation to remove unreacted probe, and DNA was counterstained
with Hoechst 33342 (5 pg/mL, Sigma Aldrich) in PBS for 5-10 min followed by
washing with PBS x3. For Figure S8, labelling medium was aspirated and DNA was
immediately counterstained with Hoechst 33342 (5 pg/mL, Sigma Aldrich) in PBS
for 5-10 min without washing steps. Each incubation step was done at 37 °C, 5%
CO,. All samples were directly imaged in phenol red-free DMEM (Sigma Aldrich)
supplemented with GlutaMAX (2 mM), sodium pyruvate (1 mM), penicillin (100 I.U./
mL), and streptomycin (50 ug/mL), by confocal microscopy (see below).

Preparation of fixed-cell samples. The same protocol was followed as for live-cell
imaging (described above) until the point of incubation with StA, after which the cells
were fixed with 4% paraformaldehyde (PFA) in PBS for 30 min at room temperature.
After fixation the cells were washed with PBS followed by glycine (20 mM) in PBS
to quench unreacted aldehyde. The cells were permeabilised with 0.01% saponin in
PBS for 20 min and washed with PBS x2. The permeabilised sample was incubated
with the tetrazine-fluorophore conjugate library (1-8, 5 uM) or (sulpho-)Cy5 tetrazine
(20 pM) in PBS for 1 h, followed by washing with PBS x2 and blocking with 1% BSA
in PBS for 30 min. DNA was counterstained with Hoechst 33342 (2 yg/mL) in PBS
for 5-10 min. The incubation steps were done at room temperature and separated
by intermediate washing steps with PBS. The cells were then imaged directly in
glycerol/DABCO mounting medium to minimise photo bleaching.

Preparation of triple-labelled sample. For microscopy, 6x10° DC2.4 cells were
seeded per well on an 8-well chamber slide (Ibidi) and allowed to attach for 3 h.
The triple metabolic labelling started with incubating the cells with EAU (10 pM) in
complete medium for 20 h, followed by washing with PBS x2. Then a metabolic label
cocktail containing StA (50 uM) and azido palmitic acid (100 uM) in medium with 0.1%
fatty acid-free BSA (Sigma Aldrich) instead of FCS, was added to the sample and it
was incubated for 1 h. The sample was washed with fresh medium x1 and PBS x1
and fixed in 2% PFAin 0.1M phosphate buffer pH 7.2 at room temperature overnight.
Fixation solution was aspirated, and sample was washed with PBS and glycine (20
mM) in PBS, and permeabilised with 0.01% saponin in PBS for 20 min. The sample
was first reacted with fluorophore 5 (5 uM) in PBS for 1 h, followed by AZDye 555
azide (5 pM) in copper-click cocktail (1 mM CuSO,, 10 mM sodium ascorbate, 1
mM THPTA ligand, 10 mM amino-guanidine, 0.1 M HEPES pH 7.2) for 1 h and
finally AZDye 647 alkyne (5 uM) in copper-click cocktail for 1 h. All bioorthogonal
reactions were performed with intermediate washing steps with PBS x2, and after
the reactions unreacted fluorophores were blocked with 1% BSA in PBS for 30 min.
DNA was counterstained with Hoechst 33342 (2 pg/mL) in PBS for 5-10 min and the
sample was imaged directly in glycero/DABCO mounting medium.

Confocal microscopy. All slides were imaged on an AR1 HD25 confocal microscope
(Nikon), equipped with a Ti2-E inverted microscope, LU-NV Series laser unit, and
CFI1 Plan Apo Lambda 100x/1.45 oil objective. Hoechst, the tetrazine-fluorophore
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conjugates, AZDye 555, and AZDye 647 and (sulpho-)Cy5 were excited using the
405 nm, 488 nm, 561 nm, and 647 nm laser lines, respectively, and images were
acquired using the Resonant scanner and DU4 detector (495LP (450/50), 560LP
(525/50), 640LP (595/50)). Poisson noise was immediately removed from the
images by the built-in Nikon Denoise.ai software. Z-stacks were acquired from the
fixed-cell and triple-labelled samples with 0.20-micron steps and are all presented as
maximum intensity projections. Brightness and contrast were adjusted for all samples
using Imaged. Brightness and contrast were adjusted identically for samples that are
directly compared to each other to make sure the relative intensity between the
samples remain the same.

Assessing the cytotoxicity of sterculic acid. A 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay was performed to ensure the
concentration of StA used in the following experiments was not cytotoxic. In a
96-well plate (Sarstedt), 1x10° DC2.4 cells were seeded per well and allowed to
attach for 2 h. Serial dilutions (1:2) of StA (stock concentration 10 mM in DMSO) in
complete medium, in the range of 12.5-200 uM, were prepared. These were added
in triplicate, together with the appropriate controls and blanks and incubated for 24
h. The cells were spun down (300 g, 5 min) and the culture medium was replaced
with complete medium containing MTT (0.5 mg/mL). The plate was incubated for 3
h and spun down at (300 g, 5 min) before the medium was aspirated. The formed
formazan crystals were dissolved in DMSO, and the plate was incubated for 2 min
with 400 rpm shaking. All incubation steps were done at 37 °C, 5% CO,,. Absorbance
was measured at 570 nm on a CLARIOstar plate reader (BMG LABTECH). The data
were normalised against cells that had no StA added, and the normalised standard
deviations are given.
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Supplementary Figures & Tables
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Table S1: Characterisations of the photophysical properties of tetrazine-fluorophore
conjugates 1-8, and their kinetics upon reaction with sterculic acid. Absorption maximum (A_, )
and extinction coefficient (E ) of the tetrazine-fluorophore conjugates (1 uM) in DMSO/H,O
(1:1) and PBS. Second-order rate constants (k,) for the conjugates (1 uM) upon reaction with
sterculic acid (5 uM) in PBS.

A -1
Fluorophore D/It/EI!bSSC()?I-rE)O EBT\)/(Ig\éI)/I?ITO : /\a;;ségm) Emex S\é‘écmﬂ k2 (M's™")
(1:1) (1:1)
1 500 58000 492 48000 ND
2 500 45000 492 36000 ND
3 500 39000 494 39000 ND
4 506 60000 506 34000 125 + 41
5 508 28000 506 16000 660 + 28
6 506 43000 506 24000 ND
7 500 59000 500 26000 658 + 14
8 502 82000 500 26000 328 + 36
DMSO/H,0 (1:1) Medium

[y

1.5

£

Turn-on ratio
- N w
&
|
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=)
- * - L[] .
NGO R WN =

0 20 40 60 80 100 120 0 20 40 60 80 100 120
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Figure S2: Average turn-on ratio of tetrazine-fluorophore conjugates 1-8 upon reaction
with sterculic acid in DMSO/H,O (1:1, v/v) or complete medium at 25°C. All conditions were
measured in triplicate, and standard deviations are indicated.
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Figure S3: Further insight into the stability and turn-on ability of tetrazine-fluorophore
conjugates 1-8. A) Stability of the fluorophores (10 uM) in PBS at RT for 10 h as measured
by LCMS. The integral of the peak at 0 min was set as 100%. B) Each fluorophore (1 uM)
was reacted with sterculic acid (5 uM) in PBS and DMSO:H,0O (1:1) at RT, and the fluorescent
intensity at the start-point of measurement (RFU,) is compared to the maximum fluorescent
intensity (RFU ). RFU, . for each fluorophore is set to 100%.
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Figure S4: Confocal live-cell imaging of tetrazine-fluorophore conjugate library (1-8). DC2.4
cells were incubated with sterculic acid (+StA, 50 uM) or no probe (-StA) for 1 h, followed by
click reaction with the respective fluorophore (all 5 uM) for 1 h. Images are presented as single
slices. All samples were routinely washed after metabolic incorporation of sterculic acid and
after ligation with the fluorophores and were imaged with minimum 4 technological replicates.
DNA was counterstained with Hoechst 33342. All scale bars represent 10 um.

44



Live-Cell Imaging of Sterculic Acid by Bioorthogonal Reaction with Tetrazine-Fluorophore Conjugates

. . . u

+StA

+StA

-StA

+StA

-StA

Figure S5: Confocal fixed-cell imaging of tetrazine-fluorophore conjugate library (1-8). DC2.4
cells were incubated with sterculic acid (+StA, 50 uM) or no probe (-StA) for 1 h, fixed and
permeabilised, followed by click reaction with the respective fluorophore (all 5 uM) for 1 h.
Images are presented as maximum intensity projections of z-stacks. All samples were routinely
washed after metabolic incorporation of sterculic acid and after ligation with the fluorophores
and were imaged with minimum 4 technological replicates. DNA was counterstained with
Hoechst 33342. All scale bars represent 10 um.
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+StA

Figure S6: Confocal fixed-cell imaging of fluorophores 1-2 with higher laser power. DC2.4
cells were incubated with sterculic acid (+StA, 50 uM) or no probe (-StA) for 1 h, fixed and
permeabilised, followed by click reaction with the respective fluorophore (5 uM) for 1 h. Images
are presented as maximum intensity projections of z-stacks. All samples were washed after
metabolic incorporation of sterculic acid and after ligation with the fluorophores. DNA was
counterstained with Hoechst 33342 (blue). All scale bars represent 10 um.

(sulpho)-Cy5 Tz
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-StA

Figure S7: Confocal fixed-cell imaging with (sulpho-)Cy5 tetrazine. DC2.4 cells were
incubated with sterculic acid (+StA, 50 uM) or no probe (-StA) for 1 h, fixed and permeabilised,
followed by click reaction with (sulpho-)Cy5 tetrazine (20 uM) for 1 h. Images are presented as
maximum intensity projections of z-stacks. All samples were routinely washed after metabolic
incorporation of sterculic acid and after ligation with the fluorophores and were imaged with 4
technological replicates. DNA was counterstained with Hoechst 33342 (blue). All scale bars
represent 10 um.
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Figure S8: Confocal live-cell imaging without washing steps after ligation between sterculic
acid and fluorophores 4-5 and 7-8. DC2.4 cells were incubated with sterculic acid (+StA,
50 uM) or no probe (-StA) for 1 h, followed by a wash step to remove excess sterculic acid,
and click reaction with the respective fluorophore (all 5 uM) for 1 h. DNA was counterstained
with Hoechst 33342, and samples were imaged directly without further wash steps. Images
are presented as single slices and were imaged with minimum 3 technological replicates.
Fluorophores 7-8 were imaged at a lower laser intensity than 4-5. DNA was counterstained
with Hoechst 33342 (blue). All scale bars represent 10 um.
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Figure S9: Confocal imaging of triple-labelled sample with all respective controls. DC2.4 cells
were incubated with EAU (10 uM) for 20 h, followed by sterculic acid (StA, 50 uM) and azido
palmitic acid (azPA, 100 uM) for 1 h, or the respective combination of these probes. The cells
were then fixed and permeabilised, followed by a triple-click strategy. All samples were first
clicked with fluorophore 5 (5 uM) for 1 h, followed by two subsequent CuAAC reactions with
AZDye 555 azide (5 uM) and AZDye 647 alkyne (5 uM) for 1 h each. All samples were routinely
washed between each metabolic incorporation and between each respective bioorthogonal
reaction and were imaged with 3 technological replicates. Images are presented as maximum
intensity projections of z-stacks. DNA was counterstained with Hoechst 33342 (blue) as a
reference. All scale bars represent 10 um.
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Figure S10: Toxicity of sterculic acid (StA), as assessed by MTT assay. DC2.4 cells were
incubated with given concentrations (uM) of StA in DMSO (labelled StA), or the corresponding
amount of DMSO (ranging from 0.125-2%) without StA (labelled DMSOQ) for 24 h. Absorbance
was measured at 570 nm. Absorbance values were measured in triplicate and normalised to
an untreated control. Standard deviations are indicated.
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