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ABSTRACT: Phosphatidylserine (PS) is a key lipid that plays important roles in

. 1. Feed to live cells

disease-related biological processes, and therefore, the means to track PS in live

cells are invaluable. Herein, we describe the metabolic labeling of PS in
Saccharomyces cerevisiae cells using analogues of serine, a PS precursor, derivatized
with azide moieties at either the amino (N-L-SerN;) or carbonyl (C-L-SerN;)
groups. The conservative click tag modification enabled these compounds to
infiltrate normal lipid biosynthetic pathways, thereby producing tagged PS
molecules as supported by mass spectrometry studies, thin-layer chromatography
(TLC) analysis, and further derivatization with fluorescent reporters via click [‘ — serine
chemistry to enable imaging in yeast cells. This approach shows strong prospects

l 2. Metabolic
incorporation

o -

. = azide tag )‘ = alkyne partner

for elucidating the complex biosynthetic and trafficking pathways involving PS.

B INTRODUCTION

Lipids control many critical biological pathways, and therefore,
aberrant lipid biosynthesis and activity commonly correlate
with diseases, including cancer.'~* Phosphatidylserine (PS) is
an important biomarker that participates in diverse biological
processes. PS acts as a ligand for a number of proteins, thereby
driving their membrane association through noncovalent
protein—lipid binding interactions.” A well-studied example
involves Annexin AS,” which is a protein that responds to PS
membrane translocation and is involved in key anticoagulation
events,”® antiphospholipid antibody syndrome,g’10 and has
been used for cancer imaging applications.'' The latter
application arises since, under normal conditions, PS is
primarily localized within the inner leaflet of the plasma
membrane but is translocated to the outer leaflet during
processes including capacitation of sperm cells,"”” apopto-
sis,l’?’_15 and in certain cancers.>'¢ As such, PS can serve as an
effective biomarker for tumors.

Despite the significance of lipids such as PS, the ability to
track the biosynthesis and transport of lipid molecules in vivo
remains a substantial challenge because of the complexity of
lipid biosynthetic pathways. The abundance and subcellular
localization of lipids are tightly controlled through complex
biosynthetic and trafficking networks, including vesicle- and
protein-mediated transfer, and defects in any of these processes
typically result in disease.'”~>* While PS biosynthesis can
occur through a variety of pathways depending on the
organism, these processes generally exploit serine as a substrate
for an exchange reaction with a lipid. For example, yeast
convert cytidine diphosphate-diacylglycerol (CDP-DAG) and
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serine into PS and cytidine monophosphate (CMP) (Figure
S1), while mammalian cells instead utilize serine for trans-
phosphatidylation of phosphatidylcholine (PC) or phosphati-
dylethanolamine (PE). Another pathway for PS production
involves the acylation of lyso-phosphatidylserine (LPS), a lyso-
lipid that has also garnered interest for involvement in
biological events including inflammatory processes.”’ PS can
be converted back to these precursors through deacylation to
LPS or through decarboxylation to PE followed by methylation
to PC.

Studies employing tagged biosynthetic precursors are
invaluable for the dynamic detection and characterization of
complex biomolecules in cells. This approach has been
enhanced by introducing diminutive clickable tags onto
substrates, which provides analogues that successfully infiltrate
biosynthetic pathways and generate functionalized products in
cells.”** Pioneering work in this field focused on labeling
complex cell-surface glycans using sugar precursor analogues
bearing clickable tags.”*~* Since then, this precursor labeling
strategy has been shown to be valuable for analyzing other
biomolecules, such as lipid metabolic targets. While much of
the seminal work has involved tagged fatty acids (FAs) for
tracking lipid metabolism®" and studying posttranslational
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Scheme 1. Schematic for the Labeling of Lipid Products and Detection by Mass Spectrometry (A), as Well as Fluorescence
Microscopy Imaging Using Clickable Cy3-DBCO (B) and TLC Imaging via Copper-Catalyzed Azide—alkyne Cycloaddition
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Scheme 2. Synthesis of Clickable Serine Probes N-L-SerN; and C-L-SerNj; and Structures of Control Probes N-p-SerN; and C-

D-SerNj;
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lipidation,” important advancements have also enabled the
labeling of specific lipid classes, including phospholipids,
through the use of tagged headgroup precursors.”” Related
lipids including PC,>*™*” phosphatidic acid (PA),**™*

glycophosphatidylinositol (GPI) anchors,"'~*

and phosphati-
dylinositol (PI)** have been successfully labeled. However,
other important lipid targets, such as PS, have not, to our
knowledge, been thus far amenable for the development of
bioorthogonal labeling strategies. Herein, we report the
metabolic labeling of PS using a series of clickable serine

analogues (Scheme 1). We envision that this approach will
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enhance the ability to track the biosynthesis and localization of
PS.

B RESULTS AND DISCUSSION

Probe Design and Synthesis. We began by designing
tagged analogues of serine since this is the common and direct
precursor of PS production. Because the serine side chain
hydroxyl group is required for linkage of the headgroup to the
glycerolipid scaffold of PS, the remaining carboxyl and amine
groups were both pursued as attachment points for the
introduction of clickable tags. We focused on azido-serine
probes to enable labeling via the strain-promoted azide—alkyne
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Figure 1. Fluorescence and bright-field microscopy images of S. cerevisiae cells grown with N-L-SerN; (A), C-L-SerN; (B), N-p-SerN; (C), C-p-
SerN; (D) (1.5 mM), or negative controls lacking probes (E) harvested at log phase and incubated with Cy3-DBCO (1 uM) for fluorescence
labeling by SPAAC, which were then fixed. Only cells treated with probes N-L-SerN; (A) and C-L-SerN; (B) showed fluorescence (red), which is
localized to the cell plasma membrane, with all control cells exhibiting minimal signal. Bright-field images are included to show the locations of

cells. Scale bars denote 5 ym.

cycloaddition (SPAAC, copper-free click chemistry) using
cyclooctyne-containing reagents. Compound N-L-SerN; con-
tains a clickable azide tag attached via an azidopropyl moiety
appended to the amino group of serine. We envisaged this
compound to be a favorable serine mimic since it can retain a
positive charge on nitrogen when protonated at neutral pH.
This probe was synthesized from O-tert-butyl-L-serine tert-
butyl ester 1 (Scheme 2) through alkylation with 1,3-
dibromopropane to bromide 2, substitution with azide to 3,
and deprotection to N-L-SerN;. Additionally, we developed
probe C-L-SerNj; by instead appending an azidopropyl chain to
the C-terminus of serine by forming an amide bond. This
probe modifies the charge of serine by removing the
carboxylate moiety that prefers the negatively charged state
at physiological pH. However, as will be discussed further in
subsequent labeling experiments, we hypothesized that probe
C-L-SerNj;, when incorporated into labeled PS molecules, may
deter further metabolism resulting from decarboxylation into
phosphatidylethanolamine (PE). This probe was synthesized
from N-Boc-serine 4 through amide bond coupling to
azidopropanamine to $ and then Boc deprotection to produce
C-L-SerNj;. For both of these probes, enantiomeric versions N-
D-SerN; and C-p-SerN; were synthesized by the same routes
using starting materials with the opposite stereochemistry. It
was previously shown by an in vitro assay that D-serine does not
compete with L-serine as a substrate for the yeast PS synthase
enzyme Cholp until a supracellular concentration of 200 mM
D-serine is supplemented, thereby indicating the stringent
stereochemical requirements of this enzyme for the natural
substrate.”> Thus, p-serine probes provide valuable negative
controls for these studies that are structurally similar to the
designed serine substrate analogues.
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With these probes prepared, we first sought to determine
whether these compounds exhibit a deleterious effect on cell
growth. Experiments were performed using Saccharomyces
cerevisiae cells because they contain significant similarities to
mammalian cells in terms of the genes, enzymes, and pathways
associated with lipid metabolism®® and for convenient access
to abundant cell samples. Cells were grown in the presence or
absence of each probe (1.5 mM), and measurements of optical
density at 600 nm (ODgy,) were used to track optical density
over time during cell culture. As can be seen in Figure S2, the
resulting growth curves and doubling times for cells that were
incubated with N-L-SerN; or C-L-SerN; or untreated were very
similar, which indicates that these probes do not cause cell
toxicity at the concentrations tested. This was quite different
from our previous work on PI labeling in which an azido-
tagged myo-inositol probe yielded deleterious effects on
growth.™ Interestingly, the enantiomeric probes N-p-SerN,
and C-p-SerN; both resulted in a slight decrease in final cell
growth (Figure S2A); however, the doubling time for C-p-
SerN; was significantly different from control (Figure S2B).

Metabolic Labeling of PS in Yeast Cells. We next
pursued cellular fluorescence microscopy experiments as an
initial step to determine whether these probes enable cellular
labeling of PS in S. cerevisiae cells (Scheme 1B). In these
studies, we imaged products labeled by these probes via
SPAAC using dibenzocyclooctyne-Cy3 (Cy3-DBCO). Cells
were grown in either the presence or absence of probes N-L-
SerN;, C-L-SerN;, N-p-SerN; or C-p-SerN; and then
incubated with the fluorophore Cy3-DBCO, washed to
remove unbound dye, fixed, and subjected to confocal
fluorescence microscopy. As can be observed in Figure I,
both probes N-L-SerN; and C-L-SerN; yielded robust
fluorescence labeling of cells, while the enantiomeric control
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probes N-D-SerN; and C-p-SerN; resulted in virtually no
signal (Figure 1A—E). Furthermore, the signal resulting from
N-L-SerN; and C-L-SerN; treatment was observed to be
localized at the plasma membranes of these cells (see Figure
S3A for inverted black and white images).””** To further
analyze the localization of fluorescence, we performed
colocalization experiments utilizing CellBright DiD, a known
plasma membrane tracer. We observed that fluorescence from
both N-L-SerN; and C-L-SerN; coincided with DiD signal
(Figure S4). We calculated Pearson’s correlation coefficients
(R) between Cy3 and DiD fluorescence to aid in interpreting
the colocalization of the two tracers. The R values
corroborated the confocal images wherein the SerN; probes
resulted in a high degree of plasma membrane localization (N-
L-SerN;, R = 0.85; C-L-SerN;, R = 0.76), while control samples
resulted in lower R value (R = 0.31) that likely results in some
residual dye being retained in the plasma membrane. The
observed signal is in accordance with the known plasma
membrane localization of PS in yeast, although PS also resides
within the ER (site of phospholipid synthesis) but is only
minimally abundant in other organelles.***’ We will note that
it is possible that particularly prominent localization at the
plasma membrane compared with the ER may result from the
former being more accessible to the Cy3-DBCO dye on the
basis of permeability, timing of the experiment, and other
conditions. Nevertheless, these results demonstrate that N-L-
SerN; and C-L-SerNj are effective for cellular labeling and that
inversion of the lone stereocenter in each of these compounds
abrogates labeling properties. Moreover, these data indicate
that our probes allow for stereospecific labeling of cellular
membranes.

Because we had observed variations in fluorescence profiles
between both sets of L-serine and D-serine probes, we next
conducted flow cytometry experiments to quantify differences
in fluorescence intensity among these samples. For these
experiments, the flow cytometry wavelength options required
us to switch to a different clickable dye for labeling. Therefore,
we instead employed an AF647-DBCO dye that is active for
SPAAC. Flow cytometry analysis of these cell samples (Figure
SS5) was effective for confirming enhancements in fluorescence
for cells labeled by N-L-SerN; and C-L-SerN; compared with
the enantiomeric probes N-p-SerN; and C-p-SerNj.

We observed during C-L-SerNj; labeling experiments that
fluorescence signal appeared to be enhanced in budding cells
(Figure 2). This is in line with prior work by Grinstein and
coworkers, in which detection of PS in S. cerevisiae using
fluorescently labeled protein (GFP-Lact-C2) exhibited polar-
ized fluorescence at the bud cortex and bud necks of live
cells.*” These results provided additional evidence that labeled
molecules from serine probes correlated with known PS
localization in support for our belief that this strategy can be
used in conjunction with microscopy to track PS in live cells.
However, we did not observe enhanced fluorescence labeling
in budding cells treated with probe N-L-SerN; (see, for
example, Figure 1A). We speculate that this disparity may
result from PS labeled by this probe being diverted to a greater
extent into downstream lipid products through decarboxylation
into PE and further lipid metabolism. This hypothesis was
analyzed through MS experiments that will be discussed below.

PS Probes Are Recognized by the PS Synthase
Cho1lp. As an initial step to directly evaluate whether these
serine probes interact with PS biosynthetic machinery, we
assessed their ability to inhibit the activity of PS synthase
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C-L-SerN3
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Figure 2. Enhanced labeling of budding cells (labeled with arrows)
was observed when S. cerevisiae cells were treated with C-L-SerNs.
Persistence of enhanced fluorescence signal at budding sites was
observed in 15 + 4 sets out of 50 randomly selected budding cells.
Quantification was performed for 6 biological replicates. Scale bars
denote 5 ym.

(Cholp) from C. albicans for the conversion of natural serine
to PS. These experiments were performed using C. albicans
cells because this organism is similar to S. cerevisiae in terms of
the PS biosynthetic pathway and its PS synthase enzyme
(alignment of CaChol and ScChol amino acid sequences in
Clustal Omega revealed 60.52% sequence identity), and
because we have previously developed a robust assay utilizing
cell membrane extracts containing Cholp to convert tritium-
labeled serine (*H-serine) and CDP-DAG into isotopically
labeled PS (*H-PS).**"* These experiments showed that *H-
PS production was diminished by probes N-L-SerN; and C-L-
SerN; in a dose-dependent manner (Figure 3). Statistical
analysis showed that both N-L-SerN; and C-L-SerN; displayed
significantly decreased enzyme activity for all concentrations
tested (1, 5, 10, and 25 mM). It should also be noted that
significant inhibition was observed at a probe concentration (1
mM) that is lower than intracellular serine levels (~2 mM).”*
A plausible explanation for this inhibition is that these probes
interact with Cholp in a manner that competes with or blocks
conversion of *H-serine to *H-PS, thereby providing evidence
that these compounds effectively interact with target PS
synthase enzymes.

PS Probes Hijack Lipid Metabolic Pathways. We next
employed different techniques to determine whether these
probes are, in fact, labeling PS. We performed mass-
spectrometry-based lipidomics to detect lipid products bearing
the added clickable handle (Scheme 1A). We generated lysates
from yeast cells (S. cerevisiae) grown in the presence or absence
of each tagged serine analogue and subjected them to LC/MS.
Probe N-L-SerNj resulted in the detection of azide-tagged
products corresponding to PS but also downstream lipids
including PE and PC (representative spectra shown in Figure
S6A,B and Table S1), which contained the major FAs known
to be present in S. cerevisiae.”* Peaks matching expected labeled
products were observed in negative mode, with retention times
that were comparable with to natural lipid standards. Each of
the lipid products that was observed would be expected on the
basis of phospholipid biosynthetic transformations (see the
pathway substrates marked in brown in Figure S1). Our results
support that serine probe N-L-SerNj is effective as a substrate
for conversion to PS, after which it can then undergo
decarboxylation to PE derivatives and then methylation to
PC analogues. These peaks corresponding to labeled lipids
were not observed for control probe N-p-SerN;, thereby
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Figure 3. PS synthase activity assays performed using various concentrations (1, S, 10, and 25 mM) of N-L-SerN; (A) or C-L-SerN; (B) showed
that both of these probes interfere with *H-serine conversion into PS. All concentrations were compared with control (*, 0.01 < p < 0.05; **, 0.001
< p < 0.01; *¥** 0.0001 < p < 0.001; **** p < 0.0001). Statistical analysis was performed using Brown—Forsythe and Welch ANOVA tests. Error
bars indicate standard errors for 6 biological replicates.
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Figure 4. TLC separation of lipids after click-derivatization via CuAAC with fluorogenic ethynylnaphthalimide dye. (A) TLC plate dipped in
primulin stain solution to visualize phospholipids (imaged after CuAAC and primulin staining). (B) The same TLC plate as (A) but it displays
click-derived fluorescence spots after CuAAC (visualized by fluorescence imaging before primulin staining) and with lanes differentiated by an
asterisk. Lanes were loaded with either the unmetabolized N-L-SerN; probe (lane 3) or lipid extracts from exponential or stationary growth cells in
the absence (lanes 1 and 2, respectively) or presence (lanes 4 and S, respectively) of N-L-SerN;. The positions of phospholipid standards PS, PC,
PA, and PE are indicated using arrows on the left side of the figure. In lane 4*, two fluorescent click-labeled bands appear close to the commercial
standards for PE and PS, while the latter is also close to PC. These click-labeled spots were only detected during exponential growth and not in the
stationary phase (lane S$*), which could be because of the time scale of lipid metabolism or alterations in the ratio of PS to other
glycerophospholipids since it is known that the total phospholipid composition of yeast cells changes between log and stationary phases.*®
Additionally, the lower click-labeled spot in lane 4* appeared to have a similar R; value as the click-derived unmetabolized serine probe because of
the migration of the PS lipid being dictated by the structure of the amino acid serine. Note that lanes 1—2 and 3—S5 were stitched together from two
different regions of the same TLC plate images (interior lanes were excised).

further underscoring that inversion of stereochemistry ethynylnaphthalimide dye (Scheme 1C). Labeled cells that
rendered this molecule ineffective for labeling lipids, as were harvested during exponential growth (lane 4*) yielded
suggested by our microscopy studies. Importantly, these data new fluorescence bands, while those obtained from stationary
validate that incorporation of the clickable tag at nitrogen does phase (lane 5*) did not (Figure 4B). The most intense
not compromise the normal entry into multiple lipid fluorescent band from this analysis appears with a retention
biosynthetic pathways, although the formation of labeled factor (R = 0.44, lane 4*) that overlaps with a commercial
downstream products is a common challenge for imaging standard for PE. There is also a faint band (R; = 0.22) that
approaches employing metabolic labeling. overlaps with a commercial standard for PS, although
We also analyzed N-L-SerN;-labeled lipid extracts via TLC unfortunately, this is also close to the location of the
separation following click derivatization with a fluorogenic unmetabolized probe (lane 3*) and to the standard for PC
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(R¢ = 0.25). Nevertheless, these results are in line with the
labeled phospholipid peaks that were detected in MS
experiments.

We also conducted MS studies using C-L-SerNj, which again
afforded the production of labeled versions of PS with
retention times close to the PS standards that were not
observed from enantiomeric control probe C-p-SerN; (Table
S2, Figure S7). However, as opposed to our prior results with
N-L-SerNj, cells treated with C-L-SerNj; did not generate mass
peaks corresponding to labeled downstream lipids PE and PC
with reasonable retention times on the basis of phospholipid
standards. These results are in line with our hypothesis that
decarboxylation of labeled PS to PE by Psdl or Psd2 would be
deterred for lipids labeled by C-L-SerNj since the carboxyl
moiety of this compound has been modified to an amide. We
also performed click-tagged TLC experiments using C-L-
SerN;,, (Figure S8). From this experiment, we observed a very
faint new fluorescence spot that moved closely with PS
standard, although the faintness of this band makes it difficult
to draw definitive conclusions. However, we did not observe a
higher fluorescent spot in proximity of PE standard, as was
observed for TLC analysis using N-L-SerN; (Figure 4), which
provided further evidence that the labeling of PE is blocked
using C-L-SerNj. All in all, these results provide evidence that
labeling resulting from treatment with C-L-SerNj; could enable
enhanced targeting of PS.

B CONCLUSION

These studies support that serine probes N-L-SerN; and C-L-
SerN; act as mimics of this substrate to produce click-tagged
PS in yeast cells, as judged by cellular fluorescence labeling,
blockage of PS synthase activity, and the detection of labeled
products via mass spectrometry and TLC. The probe activities
were abrogated simply by inverting the stereochemistry of
these compounds using negative controls N-p-SerN; or C-p-
SerN;. Our experiments indicate that PS products resulting
from N-L-SerN; underwent further modification to produce
downstream lipids, such as PE and PC, whereas C-L-SerNj,
appears to show primarily PS labeling among these lipids. To
our knowledge, this is the first account of a clickable serine
probe for phospholipid labeling, particularly for PS, which is a
lipid known to act as a marker on the outer surfaces of diseased
cells, such as in cancer. Lipid metabolic labeling in conjunction
with fluorescence microscopy using these serine probes will
likely provide a useful tool for tracking the biosynthesis and
flux of important lipids inside cells. Finally, the distinct lipid
labeling patterns from this strategy can be further exploited for
the intervention of lipid trafficking and transport mechanisms.
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