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Optotaxis:
caged lysophosphatidic acid
enables optical control
of a chemotactic gradient
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Abstract
Lysophosphatidic acid (LPA) is secreted by a large variety of cells and binds to
a variety of different G-protein-coupled receptors to trigger an exceptionally wide
range of biological effects, including cell survival and differentiation, cancer cell
migration and embryonic development. Here we introduce caged LPA (cgLPA),
a photolyzable coumarin-masked derivative of LPA. We demonstrate that illumination of caged LPA with 405 nm light instantaneously liberates bioactive LPA
to evoke Ca2 + signaling, Rho activation, and cytoskeletal contraction. In addition, we developed an ‘optotaxis’ assay to attract melanoma cells through a stable
chemotactic gradient by repeated liberation of LPA through local photolysis of
extracellular cgLPA.
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Introduction
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Lysophosphatidic acid (LPA) is a bioactive phospholipid that induces a wide range
of physiological effects, including cell survival, proliferation [353], embryonic development [354], wound healing [355], vascular remodelling [356] and cancer cells
invasion [357]. LPA is produced by autotaxin [57, 58], a phospholipase D, and
present in high concentrations in malignant ascites and plasma of ovarian cancer patients [358, 359]. Abnormal LPA production and LPA receptor expression
have been linked cancer progression and metastasis formation [330]. LPA exerts
its pleiotropic effects by binding to at least six specific G-protein-coupled receptors (LPA1−6 ) that trigger various signalling pathways [56, 326]. The six LPA
receptors are characterized by differences in affinities and differences in G-protein
coupling, and they also display differences in expression over various cell types.
In the intact organism, cells frequently experience local gradients in LPA concentration [64]. Thus, the effects of LPA depend not only on its concentration, but
also on the exact timing and the localization of the cell’s exposure to LPA. In an
experimental setting, it is technically challenging to control these parameters precisely because of the lipophilic nature of LPA and the fact that it can be rapidly
degraded by cells [360, 361].
One of the fastest ways to make biologically active compound available with
high temporal and spatial resolution is its photochemical release from an inactive
precursor (‘uncaging’) [138]. This technique has been successfully applied to various biomolecules and second messengers, including calcium [362, 363], nucleotides
[364], neurotransmitters [365], enzymes [366] and lipids [367, 368]. Specifically,
caged lipids were synthesized by covalently attaching a photosensitive protecting
group at a position critical for their function, which renders them biologically
inert [369]. So far, lipids have been predominantly caged with either nitroveratroyl or coumarin-based groups [370]. While both caging groups proved useful
in cell-based experiments, they each have advantages for specific applications.
Nitroveratroyl-caged compounds are preferred when cyan or green fluorescent proteins or other low wavelength dyes are used in the same experiment as they are
non-fluorescent and may be removed with UV light between 350 and 375 nm.
Diethylaminocoumarin-based cages are removed with longer wavelengths (normally around 400 nm, but even longer wavelengths up to 490 nm are possible with
thiocoumarin [371, 372], are compatible with 2-photon uncaging experiments, and
provide faster photolysis kinetics [373–375]. Moreover, the intrinsic fluorescence of
coumarin allows the visualization and tracking of the precursor lipid in the living
cells.
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Figure 4.1 – Synthesis of coumarin caged lysophosphatidic acid.
A. Structure of caged LPA (1). B. Synthesis of 1: i) Oleic acid, DCC, DMAP, 69%; ii) Et3SiOTf,
EtN(iPr)2; iii) I2, NaHCO3 (aq.), 65% (two steps); iv) FmocCl, Pyr., 66%; v) FeCl3, MeOH,
82%; vi) 7, tetrazole; vii) peracetic acid, 92% (two steps); viii) Me2NEt, 73%; C. photochemical
reaction releasing LPA.

Results
Synthesis
We here describe a caged derivative of lysophosphatidic acid (cgLPA), based on introduction of a coumarin group at the phosphate moiety (Fig. 4.1). The synthesis
of caged LPA is dominated by the problem of acyl chain migration. For this reason, the liberation of a protected sn2 hydroxy group should only happen in the last
synthetic step. We therefore started with commercially available, enantiopure 2,3O-isopropylidene-sn-glycerol (2) and introduced a suitable fatty acid (oleic acid)
as a sn1 ester. The fully protected ester 3 was subjected to a ring-opening reaction that provided the sn3-triethylsilyl intermediate 4 as was previously described
[376, 377]. Subsequent protection of the secondary alcohol afforded the Fmocprotected compound 5. The silyl group was removed and the primary alcohol 6
was reacted with the phosphoramidite 7, introducing the Fm-protected caged phosphate group to the sn3-OH group after oxidation. This fully protected caged LPA
derivative 8 was freed of the Fm and the Fmoc group in the presence of Me2 NEt.
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No substantial migration of the sn1 fatty acid was observed after purification of 1
and upon storage for up to 6 month in the freezer (Fig. 4.5). CgLPA proved to be
soluble in water or PBS buffer up to at least 100 µM and shows the characteristic
absorbance and emission behaviour of 7-diethylaminocoumarin derivatives (Fig.
4.6). The stability and acyl migration of phosphorylated lysophospholipids has
been reported to be slow at neutral pH and the equilibrium of acyl migration, if
present at all, was shown to lie mainly on the sn1 ester [378].

Photo activation of cgLPA allows the spatio temporal control
of LPA activation

4

To evaluate the effect of cgLPA on living cells, we carried out experiments addressing a number of well characterized biological LPA effects (Fig. 4.2A). Initially, we
studied mobilization of cytosolic Ca2+ in N1E-115 neuroblastoma cells. This process involves stimulation of LPA2 receptors that couple to Gαq to activate PLC.
PLC in turn generates the second messenger IP3 which liberates Ca2+ from internal stores. Addition of cgLPA in concentrations up to 10 µM to cells loaded
with the calcium-sensitive fluorescent indicator Oregon Green BAPTA/AM had
no effect, indicating that cgLPA is unable to bind to GPCRs (data not shown).
Uncaging of cgLPA (1 µM) with a brief pulse of 405 nm light immediately evoked
calcium transients (Fig, 4.2B) of very similar magnitude as those induced by bulk
addition of LPA to the medium (Fig. 4.2B’). Interestingly, whereas bulk addition of LPA desensitizes the cells to further stimulation, cells responded to the
second photolysis of cgLPA with repeated Ca2+ mobilization (Fig. 4.2B). This
is likely due to rapid dilution of LPA after termination of the light stimulus and
demonstrates that LPA uncaging provides tight temporal control over the stimulus. Furthermore, spatial control of stimulation is also provided by cgLPA, as
local uncaging close to selected single cells within a given field of view caused local
responses with no noticeable effects in neighbouring cells (Fig. 4.7).
We next tested effectiveness of cgLPA uncaging to evoke other signalling pathways in N1E-115 cells. Both LPA2 and LPA6 receptors expressed in these cells
efficiently couple to Gα12/13 to activate the small GTPase RhoA. RhoA activation
causes rapid contraction of the actomyosin cytoskeleton which in turn causes cells
to round up. Indeed, local photo release of LPA at individual cells caused selective
and rapid contraction of cell somata (Fig. 4.2C and suppl. movie 1). Cell contraction was accompanied by immediate activation of RhoA, as visualized using
a FRET-based ratio metric biosensor (Fig. 4.2D-G) [379]. Furthermore, repeated
photo release of LPA also caused internalization of GFP-tagged LPA1 receptors
similar to that seen following addition of LPA to the medium (Fig. 4.3).
In single-cell Ca2+ assays, signals often display all-or-nothing behavior due
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Figure 4.2 – Downstream effects of LPA.
A. Overview of LPA signalling. B. LPA induced calcium transients in N1E-115 neuroblastoma
cells. Cells were loaded with the calcium indicator Oregon Green BAPTA and stimulated by
brief illumination with 405 nm light in the presence of 1 µM cgLPA. No desensitization of
the cells was observed. Final calibration was achieved by adding 5 µM ionomycin and 5 mM
calcium. B’. N1E-115 stimulated by adding 1 µM of LPA to the medium. Note that the cells
were insensitive to the second stimulation. C. Release of cgLPA caused morphological changes in
N1E-115 neuroblastoma cells. N1E-115 cells (1 µM cgLPA in the medium) before and after the
cell marked with red was exposed to 405 nm light. In the stimulated cell all the neurites retracted
and the soma became rounded, whereas neighbouring cells remained spread. Graph below shows
area change of the stimulated cell. D. N115 neuroblastoma cells expressing FRET-based RhoA
sensor before and after illumination with 405 nm light in the presence of cgLPA (data collected
with 442 nm illumination, CFP channel: 450-500 nm, YFP channel: 510-560 nm, FRET signal
was calculated as ratio between YFP and CFP channels). E. FRET ratio traces acquired from
individual cells transfected with RhoA biosensor, stimulation at t = 0. E’. FRET ratio traces
acquired from individual cells transfected with inactive RhoA biosensor (mutation in the PKN,
RhoA binding domain prevents the sensor from closing). Uncaging of cgLPA failed to evoke
FRET changes. F. FRET ratio traces showing RhoA activation after illuminating cells in the
presence of 1 µM cgLPA with increasing power of light. F’. Quantification: integrated RhoA
activation within the first 2 minutes after stimulation is plotted for an increasing light dose (data
based on the experiment shown in F, error bars indicate SEM). G. FRET ratio traces showing
RhoA activation after illuminating the cells with 30 µW, 405 nm light in the presence of various
concentrations of cgLPA. G’. Total activation of RhoA within first 2 minutes after stimulation
in the presence of increasing concentrations of cgLPA (based on the FRET traces shown in G,
error bars indicate SEM).
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Figure 4.3 – LPA receptor internalization.
In HeLa cells transiently transfected with LPA1 -eGFP, uncaging of cgLPA causes receptor internalization as detected by time lapse confocal imaging. Upper panels: control response to 1 µM
LPA, middle panels: effect of photolysis of 1 µM cgLPA. Lower panels: control exposure to 405
nm light in the absence of cgLPA. Graphs show a normalized number of LPA1 -positive vesicles
inside the cells. Scale bar 20 µm.
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to the presence of positive feedback loops [380]. In contrast, activation of RhoA
as detected with the FRET sensor appeared dose sensitive, and we therefore established dose-effect relationships for cgLPA uncaging with the latter assay (Fig.
4.2F-G). These experiments revealed that the amount of released LPA is highly
reproducible and can be adjusted by either varying the concentration of cgLPA
in the medium for a given light dose (Fig. 4.2F), or the dose (power) of uncaging
light at a fixed cgLPA concentration (Fig. 4.2G).

Light mediated cell migration
Having established cgLPA photolysis as a powerful tool to deliver precise doses
of LPA in a spatially and temporally defined manner, we next set out to test the
feasibility of using the photolysis of cgLPA for directional migration studies, an
approach we termed ‘optotaxis’. We turned to melanoma cells as these cells often
exhibit chemotaxis towards LPA [64]. With cgLPA (1 µM) present in the medium,
intermittent light pulses (30 µW, every 40 s) of the 405 nm laser line were used
to liberate LPA in a cell-free area of ∼400 µm2 in the centre of the field of view.
Indeed, nearby cells rapidly formed lamellipodia facing the chemotractant. Cells
moved towards the uncaging spot over several hours (Fig. 4.4 and suppl. movie
2).

cgLPA

4h of LPA
uncaging

before
stimulation

merge

Figure 4.4 – Cell Migration.
Time lapse confocal experiment showing creation of a chemotactic gradient of LPA by repeated
uncaging in the central part of the selected field of view. A375M Src+ cells stably expressing
GFP-actin migrated towards the site of LPA release. Positions of the cells before (upper panel)
and 4 h after pulsed LPA uncaging (lower panel) with a frequency of one flash (20 ms) every 40
s. Scale bar 20 µm.
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Discussion

4

The above experiment demonstrates that optotaxis facilitates the creation of chemotactic LPA gradients without the need for gradient chambers or other specialized
equipment. This significantly increased the throughput of our experiments and
allowed conducting many different experiments within the same dish. We note
that LPA optotaxis should also be readily applicable in 3D migration assays (e.g.,
in excised tumors, organoid and spheroid cultures) in which well-defined gradients
are otherwise hard to establish. These experiments will significantly benefit from
two-photon photolysis. In addition, a major field of application should be in neurobiology. In the central and peripheral nervous system LPA evokes a variety of
responses, including membrane depolarization, neurite remodelling, differentiation
and long-term potentiation [326, 381]. Moreover, the effects of LPA are known to
depend critically on its concentration. For example, growth cones of neurons show
repulsive turning when exposed to low concentrations of LPA, whereas higher
concentrations cause growth cone collapse [382]. Neurons, astrocytes, oligodendrocytes, microglia and Schwann cells all express LPA receptors, and the pattern
of their expression changes with age and cells activation status [381]. We therefore
anticipate that the possibility to selectively stimulate brain slices at sub-cellular
level will become a valuable tool to expand our knowledge on the pleiotropic effects
of LPA in the nervous system. In addition, recent studies proved the value of caged
receptor ligands, (e.g. fMLF and ATP) to build up chemical gradients by photo
release and enabled automated screening of motility parameters [383]. We assume
that the method can be expanded to a vast diversity of chemotractants which will
allow to determine motility phenotypes in complex mixtures of different cells. In
conclusion, we present caged LPA as a highly valuable tool for studying signalling,
chemotaxis and cell migration in cell biology with the potential to applications in
tumor biology, neurobiology and diagnosis.

Significance
Cells react with a multitude of responses towards the stimulation with bioactive
compounds. The ability to control the timing, the amount and the precise position of the active molecule facilitates the investigation of downstream effectors
of the stimulus. We herein present the synthesis of coumarin caged lysophosphatidic acid (LPA), which enables to control the source of bioactive LPA molecules
by local photo release upon illumination with 405 nm light. In addition to the
stimulation of individual cells and the study of single cellular responses such as
Ca2+ -signalling and RhoA activation, we show the migration of cells towards the
source of LPA photo release. We coined the term ’Optotaxis’ for the optical control
96
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of a chemotactic gradient.

Materials and methods
All chemicals were obtained from commercial sources (Acros Organics, Sigma Aldrich, TCI Europe or
Alfa Aesar) and were used without further purification. Solvents for chromatography were obtained
from VWR and dry solvents were obtained from Sigma. Ionomycin was obtained from CalbiochemNovabiochem (La Jolla, CA, USA). LPA (oleoyl-L-α-lysophosphatidic acid sodium salt) and fatty
acid free BSA from Sigma-Aldrich (St. Louis, 146 MO, USA). Oregon Green 488 BAPTA/AM was
from Invitrogen – Molecular Probes (Eugene, OR, USA). Dulbecco’s MEM, DMEM/F12 (no phenol
red), fetal calf serum, penicillin and streptomycin were from Life Technologies – Invitrogen. Detailed
synthesis procedures for cgLPA are provided in the supporting online information.

Cells and transfections

4

A375M (A375M(Src+ ) GFP-actin), HeLa, and N115 cells were cultured in DMEM (10% FCS) supplemented with antibiotics (penicillin and streptomycin) in 5% CO2, 37◦ C. Src(Y530F) and GFP-actin
were stably introduced into A375M cells by retroviral transduction [384]. Cells were transiently transfected using polyethylenimine (PEI, 3 µg/ml).

Live-cell imaging
Cells were seeded on glass coverslips (24 mm, #1.5) for 24-48 h in DMEM (10% FCS) and serum starved
overnight (A375M Src+ , N115) or for 4h (HeLa) before experiments. Cells were imaged in DMEM-F12
at 37◦ C in a humidified chamber at 5% CO2. Images were taken with a Leica TCS SP5 confocal (Leica
Microsystems) equipped with 63x 1.4 NA oil-immersion objective, using LAS-AF acquisition software.
Focus was set to the ventral membrane of the cells in the optotaxis and RhoA activation experiments
and 1 µm above the coverslip in the LPA1 internalization experiment. We took great care to excite
at minimal laser intensity to avoid any photobleaching or photo toxicity. In control experiments cells
were stimulated with 1 µM LPA.

Ca2+ imaging
Cells were incubated for 30 min with Oregon Green 488 BAPTA/AM (0.5 µg in 100 µl), followed by 15
min recovery in SF DMEM-F12 medium. Measurements were performed in SF DMEM-F12, with the
confocal microscope, excitation 488 nm, pinhole set to 6 AU. Recordings were normalized by setting
basal levels to 1.

Confocal FRET experiments - RhoA activation
The construction of FRET sensor for RhoA was based on the published designs of FLARE-RhoA with
details to be described elsewhere (manuscript in preparation) [129, 379]. A FRET pair consisting of
Cerulean3 and circularly permutated Venus was used. The HR1 region of PKN were used as the effector
domain for activated RhoA. In control a sensor, a point mutation (L59Q in PKN) was introduced to
generate binding-deficient effector domains so that FRET ratios remain at the basal level regardless of
the activation state of RhoA. N115 cells were prepared as described above (live cell confocal imaging)
and transfected with a RhoA biosensor. Imaging conditions were as described above, except that a
Leica 63x 1.4 N.A. ‘lambda-blue’ oil-immersion objective was used. Cells were excited with the 442
nm laser line and emission pictures were acquired simultaneously at 450-500 nm (CFP channel) and at
510-560 nm (YFP channel) every 5 s. Ratio images were calculated by dividing the YFP channel by
the CFP channel. Thereafter, images were smoothed with a Gaussian kernel and cells were segmented
based on intensity.
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Light dosage
Uncaging of cgLPA was performed via a 405 nm laser beam on a Leica SP5 confocal microscope with
the following settings: calcium imaging (global uncaging) – 90 µW for 2s over 246 µm square field of
view; LPA1 internalization (global uncaging) – 170 µW for 12 s distributed over 8 frames within 70 s,
over 246 µm square field of view; RhoA activation (global uncaging) – 170 µW for 1.7 s, over 189 µm
square field of view; optotaxis (local uncaging) – 30 µW pulses of 20 ms every 40 s, over 20 µm square
field of view; calcium signals in single cells (local uncaging) – 90 µW for 0.4 s, over 20 µm square area
on top of selected cells; rounding assay (local uncaging) – 1 µW laser beam parked for 5s on top of
selected cells.
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Figure 4.5 – 1 H-NMR spectra of cgLPA in deuterated methanol.
Stability of caged lyosophophatidic acid upon storage at -20 ◦ C.

Figure 4.6 – Absorbance and emission spectra of caged lyosophophatidic acid.
Absorbance (left) and emission spectra (right) of caged lyophosphatidic acid. Conditions: 33
µM cgLPA in PBS at room temperature; λ(ex) 405 nm, λ(em) = 415-650 nm, slit(ex) = 2.5 nm,
slit(em) = 2.5 nm). Spectra are corrected for PBS.
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Figure 4.7 – Calcium transients in selectively stimulated cells.
N115 cells were loaded with calcium sensitive Oregon Green BAPTA and incubated with 1 µM
cgLPA. In three subsequent experiments only single selected cells (marked 1-3 in the image) were
stimulated by illumination with 405 nm laser light. Graphs in the right column show calcium
transients that were repeatedly restricted only to the illuminated cells, no response was observed
in the neighbouring cells. Scale bar 50 µm.
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Supplementary Videos
For the following supplementary videos, the reader is directed to the online article:
http://www.sciencedirect.com/science/article/pii/S2451945616301015
Video1. Rounding of individual neuroblastoma cells
stimulated with photolysed cgLPA.
N115 neuroblastoma cells were incubated with 1 µM cgLPA in a serum free
medium. For stimulation, individual cells were illuminated with 405 nm parked
laser beam ( 1 µW) for 5 s. Time lapse with frames acquired every 3 s by confocal microscope (SP5, Leica Microsystems). Timer in the upper left corner shows
min:s. Scale bar, 20 µm.
Video2. Optotaxis – migration of melanoma cells
in the gradient of LPA created by repeated photolysis of cgLPA.
A375M melanoma cells (stably expressing GFP-actin and an active form of Src
kinase - SrcY530F) were incubated in serum-free medium in the presence of 1 µM
cgLPA. A square (20 x 20 µm) was repeatedly illuminated with 405 nm laser line
( 30 µW pulses of 20 ms) every 40 s in the middle of the field of view to build a
stable LPA gradient. Time lapse with frames acquired every 10 s at the confocal
microscope (SP5, Leica Microsystems), every 10th frame was used in the movie.
Timer in the upper left corner shows h:min. Actin cytoskeleton close to the ventral
membrane is visualized with ‘Fire’ lookup-table (ImageJ). Scale bar, 25 µm.
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