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ABSTRACT

Diacylglycerol (DAG) is a lipid second messenger produced by receptor stimulated
phospholipase C and is capable of activating several PKC isoforms. Classical PKC isoforms
require simultaneous presence of calcium and DAG for activation and relocation to
membranes. The aim of this study was to synthesize a photolabile precursor of DAG and
examine the effect of an immediate increase of the signaling lipid on PKC relocation. Caged
DAG was synthesized using a photoreleasable 7-diethyl-aminocoumarin (DEACM) group.
Photolysis was monitored in vitro by an increase in coumarin fluorescence from which an
uncaging quantum yield of 1.1% was determined. This quantum yield proved ideal for
efficient uncaging at high UV power while allowing localization of the fluorescent compound
at low UV power. Taking advantage of the coumarin fluorescence, it was demonstrated that
DEACM-DiC8 accumulated inside cells. Effects of DAG photorelease on periodic relocations
of PKCbetall, induced by histamine, UTP or EGF, were studied. Photorelease of DAG in cyto
immediately increased the amplitude and duration of relocation events, regardless of the
agonist used. Together, the results demonstrate the usefulness of caged DAG for dissecting

PKC signaling and suggest that DAG levels are limiting during signaling.
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INTRODUCTION

Diacylglycerol (DAG) is a lipid second messenger of which the levels can be increased during
cellular signaling. The classical pathways that produce DAG involve the activation of a
phosphoinositide specific phospholipase C (PLC), either by activation of the gamma isoforms
by receptor tyrosine kinases (RTK) or by activation of the beta isoforms by G-protein coupled
receptors (GPCR) [1]. In both pathways, the activated PLC hydrolyses phosphatidylinositol-
4 5-bisphosphate yielding DAG and the soluble second messenger Ins(1,4,5)P3, of which the
latter triggers an elevation of the intracellular calcium concentration [2].

Simultaneous presence of calcium and DAG is required for the activation of classical PKC
isoforms [3]. Experiments using GFP-tagged PKCs have addressed the spatiotemporal
regulation of classical PKC relocation and activation in single living cells [4-6]. These studies
have led to a model for PKC activation in which several steps can be discerned. The
relocation of PKC is initiated by association of the calcium-sensitive C2-domain with the
plasma membrane upon elevation of calcium levels. Next, a conformational change allows
binding of the Cl-domains to DAG. Binding of both the Cl-domain to DAG and the C2-
domain to calcium is necessary to release the pseudosubstrate from the active site [3]. Upon
release of the pseudo-substrate the active site is exposed and the enzyme can exert its kinase
activity on substrates.

To understand the regulation of PKCs by calcium and DAG, several approaches are used. An
elegant method to achieve control over the spatial and temporal concentration of second
messenger is to use caging technology [7]. The part of the molecule that is necessary for its
bioactivity is masked by a protecting group. This protecting group can be removed by
irradiation with low-energy UV light (around 360 nm). Caged calcium, or caged calcium
scavengers are commercially available and have been successfully applied in numerous

studies. These tools were used to examine the role of calcium in controlling PKC location and
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activity in single living cells [8, 9]. A similar approach using caged analogs of DAG to study
the effect of DAG on PKC relocation is still lacking. Previously, caged dioctanoylglycerol
(DiC8) has been used by Walker and colleagues to study the effect of DAG on peak calcium
current and on the regulation of the twitch amplitude in single cardiac myocytes [10-12].
Although there is compelling circumstantial evidence that the observed effects of DAG are
mediated by PKC, direct effects on PKC, i.e. relocation or activation, were not studied.

In order to be able to assess the role of DAG in regulating the activity and location of a
classical PKC in single living cells, we synthesized and characterized a caged DAG analog.
The caging moiety is a coumarin-derivative [13], which has a relative high extinction
coefficient and can absorb light of wavelengths >400 nm. Another advantage is the intrinsic
fluorescence, which in some cases is increased upon uncaging, allowing easy analysis of the
uncaging reaction [14]. The photoreleasable DAG was used to evaluate the role of DAG on

the relocation of PKCbetall during signaling.
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MATERIALS AND METHODS

Synthesis.
7-diethylamino-4-hydroxymethylcoumarin (DEACM-OH) [15] was activated with 4-
nitrophenylchlorformate as described [16]. This compound was reacted with solketal from

which the caged diacylglycerol was synthesized as described [17].

Spectroscopy and Quantum yield.

The photon flux at 360 nm (slit 10 nm) was determined by ferrioxalate actinometry as
detailed before [18]. Identical settings were used to measure the fluorescence increase of
DEACM-DiC8 using a PTI fluorimeter. The liberation of the cage was assayed by monitoring
fluorescence at 450 nm (slit 2 nm) while stirring. The concentration of DEACM-DiC8 was
0.23 uM to meet the requirement that €cl<0.01 allowing determination of the quantum yield

independent of the concentration [18]. Experiments in micelles were performed using 0.2 %

(v/v) Triton X-100 and 20 mM Hepes (pH=74)

Cell culturing and transfection. HeLa cells were seeded in 6-well plates containing 25 mm @
coverslips, thickness #1. The next day, cells were transfected with 1 yg of plasmid DNA
encoding Cla-EGFP (a kind gift of Tobias Meyer, Stanford University, Stanford, CA) or
EGFP-PKCbetall (a kind gift of Yusuf Hannun, Duke University Medical Center, Durham,
NC). One day after transfection the coverslip was mounted into a home made chamber and
submerged in 1 ml of extracellular medium (20 mM HEPES (pH=7.4), 137 mM NaCl, 5.4

mM KCl, 1.8 mM CaCl,, 0.8 mM MgCl; and 20 mM glucose).
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Fluorescence microscopy. HelLa cells were observed and imaged on a LSMS510 (Zeiss)
confocal laser scanning microscope. A Zeiss 63x water-immersion objective (C-Apochromat,
NA 1.2) with correction ring was used for scanning samples. EGFP fluorescence was excited
using the 488 nm argon ion laser line (AOTF maximally at 5%). The resulting fluorescence
was separated from the excitation light with a 488 nm dichroic mirror and passed through a
longpass filter (LP505 nm). The pinhole was set corresponding to 1-2 airy units to obtain
confocal sections. Coumarin was excited using the 351/364 nm laser lines of a Innova
Enterprise II ion laser (Coherent, Santa Clara, CA), which was reflected onto the sample by a
multiband dichroic mirror (UV/488/543/633 nm), allowing simultaneous excitation of EGFP
at 488 nm. Coumarin fluorescence emission was filtered through a 385 nm longpass or a 380-
430 nm bandpass filter. For uncaging the sample was exposed to a single scan (<1s) with the

351/364 nm laser (AOTF at 100%).
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RESULTS

Synthesis and spectral properties of DEACM-DiC8.

Previously, the synthesis of a related coumarin-caged DAG has been described [12, 19]. Our
synthesis approach is different in that we react the caged group to solketal rather than direct
coupling to DAG. After deprotection, this allows a variety of fatty acids to be attached to the
glycerol moiety. In addition, the product is not contaminated by unreacted DAG. This
approach is similar to the synthesis of a nitrophenyl caged DAG [17]. The structure of the
resulting compound, 7-diethylaminocoumarin caged 1,2-dioctanoyl-sn-glycerol (DEACM-

DiC8) is shown in figure 1A.
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Figure 1. (A) Structure of DEACM-DiC8 and the products, DEACM-OH and 1,2-dioctanoyl-
sn-glycerol, after photolysis. (B) TLC analysis of the uncaging reaction. DEACM-DiC8
(around 2 nmol) was spotted on the TLC in lane 3 and subsequently exposed to 365 nm light
on a transilluminator UV tray for 1 min. Then DEACM-DiC8 (lane 2) and the reference
compound DEACM-OH (lane 1) were spotted and the compounds were separated in
ethylacetate-hexane (1:1). Compounds were visualized by capturing their fluorescence on a
UV tray (312 nm excitation)
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Due the intrinsic fluorescence of 7-diethylaminocoumarin, the caged compound can easily be
detected on TLC (fig. 1B). After exposing DEACM-DiC8 to UV light (365 nm) the mobility
of the resulting compound on TLC is markedly reduced and corresponds to 7-diethylamino-4-
hydroxymethylcoumarin (DEACM-OH), indicating that the coumarin cage can be released

from DEACM-DiC8 upon UV absorption.

Spectroscopic characterization of DEACM-DiC8.

Coumarin cages in general and the DEACM cage in particular is known for its absorbance at
high wavelengths [15, 20]. This is also apparent from the absorbance spectrum of DEACM-
DiC8 (fig. 2), showing a typical coumarin shape with a maximum at 380 nm. The coumarin
still has a significant absorbance around 400 nm, which allows photolysis of this compound

with visible light. The fluorescence emission is maximal at 476 nm.
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Figure 2. Spectroscopic characterization of DEACM-DiC8 in EtOH. (A) The absorbance of
the caging moiety shows a typical coumarin shape. (B) Fluorescence emission spectrum of
the DEACM-DiC8 before (A,,,, = 476 nm) and after photolysis (A,,, = 464 nm) acquired at an
excitation wavelength of 360 nm show that the fluorescence intensity is increased upon
photorelease. The inset of panel B shows the time-dependent increase in fluorescence

(excitation at 360 nm, emission at 450 nm), which can be fit to a mono-exponential increase
with a rate of 0.95x107 s (R>0.999).
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Several coumarin derivatives are known to increase their fluorescence upon photolysis [21,
22]. This is a useful property to directly monitor and quantify photolysis [14]. So far, a similar
fluorescence increase for DEACM caged compounds was not reported. Ethanolic solutions of
DEACM-DiC8, illuminated on a UV tray with 365 nm light showed an increase in
fluorescence. Besides the fluorescence increase after UV exposure, the fluorescence emission
maximum of the sample is shifted to 464 nm (figure 2). To study the kinetics of the
fluorescence increase, the fluorescence of DEACM-DiC8 was acquired using a fluorimeter by
continuous excitation at 360 nm and monitoring the fluorescence at 450 nm. The fluorescence
increase in EtOH was determined to be at least 3-fold (inset of fig. 2B): 3.3 + 0.2 (n=3).
When the experiment is performed in Triton X-100 micelles, mimicking an environment with
a water-membrane interface, similar curves were obtained with only a modest 1.4-fold
increase.

Previously, we have reported an assay for directly monitoring the photorelease of a caged
phosphatidic acid. The equations describing the fluorescence increase that accompanied the
photorelease were based on a compound with two caging moieties [18]. The caged DAG has
only one cage and the equation describing the release of free DEACM and DiC8 is simplified
to a mono-exponential increase of compound during illumination. By curve fitting the
fluorescence increase a rate of 0.95x107 s™', was obtained corresponding to a half-time of 730
s. To determine the uncaging quantum yield, the photon flux was measured at 360 nm by
ferrioxalate actinometry under exactly the same circumstances as the DEACM-DiC8
uncaging experiment, which gave 4.3 10" s'. From the uncaging rate, the photon flux and the
extinction coefficient the quantum yield can be calculated as described before [18], yielding a
value of 1.1 %. The reported quantum yield of a related coumarin-DAG varies from 1.4%
[19] to 40% [12]. The quantum yield determined in this study is close to the value reported by

Suzuki et al., but greatly differs from the value determined by Robu et al. for unknown
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reasons. The quantum yield of 1.1% is high enough for efficient uncaging, yet it is low
enough for enabling routine observation of the coumarin fluorescence without triggering too
much DAG production. In this respect it is of note that a quantum yield of 40% would not be

compatible with observation of fluorescence.

Detection of DAG photorelease in vivo.

The TLC analysis shown in fig. 1B demonstrates the photolysis of DEACM-DiC8 in vitro and
the release of the fluorescent protecting coumarin. However, the formation of DiC8 cannot be
detected on this TLC. Since it has been shown that a fusion protein comprising the first C1-
domain of PKC-y and Enhanced Green Fluorescent Protein (Cla-EGFP) can be used as a
sensor for DAG in single living cells [23], we wanted to employ this system to detect the
photoreleased DAG in cyto.

First, the detection sensitivity of the DAG analog DiC8 was characterized. HeLa cells were
exposed to different concentrations of DiC8 and after 5 minutes the distribution of Cla-EGFP
in living cells was acquired by confocal laser scanning microscopy. As shown in figure 3,
cells that are not incubated with DiC8 show homogeneous distribution of Cla-GFP
throughout the cytosol and nucleus. In cells that are incubated with 10 yM DiC8 a clear
membrane localization of Cla-EGFP was observed with a concomitant depletion of
fluorescence in the cytosol. Even at a 10-fold lower concentration, still an increase of
fluorescence at the plasma membrane relative to the cytosol can be detected.

Next, we incubated cells with 6 yM DEACM-DiC8 that was either added directly, or,
exposed to UV to prior to adding it to cells. Cells treated with non-exposed caged compound
did not show a significant membrane accumulation of the DAG sensor (data not shown). In
contrast, when cells were incubated with photolysed DEACM-DIiC8 a clear accumulation of

Cla-GFP at the plasma membrane was observed, as shown in figure 3D. This experiment
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shows that during UV exposure DiC8 is released from DEACM-DiC8 and that it can be

detected by living cells, whereas the intact caged compound is not detected by cells.

Figure 3. Location of Cla-GFP in living HeLa cells and relocation by addition of DiC8. Hela
cells expressing Cla-GFP show homogeneous distribution of the fluorescence in the cytosol
and nucleus (A). Upon addition of 10 yM DiC8 (B), the fluorescence is increased at the
plasma membrane and almost completely depleted from the cytosol. At a lower
concentrations (1 M) of externally added DiC8, the relocation is reduced, but still clearly
visible as accumulated fluorescence at the plasma membrane (C). When 6 M photolysed
DEAM-DiC8 is added to cells expressing Cla-GFP, the fluorescence is increased at the
plasma membrane, indicating the release of DAG from its caged precursor (D).

Incorporation of DEACM-DiC8 in cells.
To examine whether DEACM-DIiC8 is incorporated into cells, cells were incubated with 200
uM caged DAG and visualized by fluorescence microscopy. From figure 4A it can be

inferred, that the probe is located in the cytosol and excluded from the nucleus. The reticular
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distribution of the cytosolic fluorescence suggested that the probe is predominantly associated
with endomembranes. Besides a relative equal distribution of fluorescence throughout the
cells we consistently observed intense blue fluorescent spots. To examine whether these
structures correspond to lipid droplets, a dual labeling with Nile red was performed [24]. As
can be inferred from fig. 4A and 4B, there is a strong colocalization of the Nile red and
coumarin fluorescence, indicating that DEACM-DiC8 accumulates in lipid droplets.
Strikingly, when cells were illuminated with UV light for photolysis of DEACM-DiC8, the
highly fluorescent spots disappeared (fig. 4C and 4D). We conclude that the DAG moiety is
responsible for the location of the caged compound in lipid droplets. Apparently, the

hydrophilic caging moiety is released from the lipid droplets once it is cleaved from DAG.

Figure 4. Coumarin fluorescence in living cells after incubation with 200 xM DEACM-DiC8.
(A, C) The coumarin fluorescence shows a reticular distribution and is accumulated in
punctuate structures. (B) Cells incubated with the lipid droplet marker Nile Red display a
similar fluorescence distribution as compared to the coumarin fluorescence shown in panel A.
(D) After illumination with UV light, the punctuate structures disappear, whereas the
remaining fluorescence maintains a similar pattern as before illumination (compare to panel
C). Representative images of at least 3 experiments. Full width of a single image is 74 pym.
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Effect of photoreleased DiC8 on PKCbetall

It has been shown that classical PKCs can reversibly translocate after stimulating cells either
via RTKs or GPCRs. The relocation events are known to coincide with calcium oscillations
[5]. Our aim was to understand the role of DAG during these relocation events. Therefore we
examined the effect of an instantaneous increase in DAG levels on the relocation of the
classical PKC isoform PKCbetall by using the caged DiC8.

Cells expressing GFP-PKCbetall and incubated with DEACM-DiC8, were stimulated by a
variety of agonists. The reversible relocation events were followed by confocal microscopy
and quantified by measuring the fluorescence in the cytoplasm. First, the response of EGFP-
PKCbetall to 100 #M histamine was examined. The results from a representative experiment
are shown in figure SA. The amplitude of the first relocation is relatively high, after which the
amplitude of the relocation events decays over time. Notably, equal patterns are observed for
calcium oscillations in HeLa cells stimulated with histamine (data not shown). Similar data
was obtained from cells incubated with DEACM-DiC8, but not exposed to UV, indicating
that the caged compound is not altering the cellular response to histamine (data not shown).
However, when cells were briefly exposed to UV after several relocation events, a marked
increase in the relocation amplitude was observed, as evident from an increased depletion of
PKCbetall from the cytoplasm (fig. 5B), after which de relocation amplitude decayed again.
Similar results were obtained from 7 cells out of a total of 12 cells that displayed oscillations
and were exposed to UV.

To examine whether the increased relocation amplitude depends on the agonist that is applied,
the same experiments were repeated with the agonist UTP, which stimulates purinergic
receptors. As shown in figure 5C, again an increase in relocation amplitude was observed.
However, in this case the relocation stopped shortly after UV exposure. The increased

relocation amplitude was observed in 13 out 16 cells analyzed. Histamine and UTP both
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stimulate GPCRs. However, PKCs can also be activated by growth hormones via RTKs.
Therefore, experiments were performed in which cells were stimulated with EGF. The results
are shown in figure 5D and again an increase in relocation amplitude was observed due to the

release of DAG. Similar results were observed in 3 other cells.
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Figure 5. Effect of photoreleased DAG on the reversible relocation of EGFP-PKCbetall to
the plasma membrane induced by receptor activation. The agonists added were 100 uM
histamine (A, B), 100 uM UTP (C) and 50 nM EGF (D). The fluorescence intensity of EGFP-
PKCbetall was quantified from the cytoplasm in HeLa cells. After addition of an agonist a
clear reduction is observed indicating binding at the plasma membrane. (B-D) The moment of
photorelease of DiC8 is indicated by the black line (a single scan with 351/364 nm light, <1s
exposure time. Subsequently, the amplitude of the relocation is increased. The inset of panel
C compares the amplitude-normalized first relocation event (at t=16s) indicated with open
circles with the kinetics of the relocation after uncaging (t=90s) indicated with closed circles.
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DISCUSSION

The synthesis of a coumarin caged DAG derivative is reported. The coumarin cage provides
several advantages due to its intrinsic fluorescence. The caging and uncaging reactions are
readily detected on a TLC by UV illumination. Furthermore, the uncaging reaction and the
uncaging quantum yield can be determined by measuring the fluorescence increase upon
photolysis of DEACM-DiC8. Finally, the compound can be detected in living cells to
evaluate loading and localization of the probe.

When applied to living cells, the DEACM-DiC8 is mainly located on endomembranes and
accumulates in lipid droplets. Strikingly, the UV-induced photorelease of DAG only increases
PKC binding to the plasma membrane during reversible PKC relocation. Since binding of
PKC to other membranes was not observed, our results demonstrate that in cells PKC only
detects DAG at the plasma membrane. This can be explained by the remarkable preference of
PKC for binding negatively charged membranes by interacting with phosphatidylserine [25,
26].

The DAG analog dioctanoylglycerol was selected since it is relatively easy to synthesize and
it is more soluble than derivatives with long acyl chains. It should be noted however, that
dioctanoylglycerol is not identical to the DAG species that are formed upon PLC activation.
Previously, studies have indicated that a variety of DAG species is formed during signaling
and that their composition changes over time [27, 28]. Notwithstanding these limitations, we
show that the released DiC8 analog is capable of inducing Cla relocation and enhances PKC
relocation, clearly demonstrating its biological activity. Still, our method of synthesis should
be applicable as well for producing caged derivatives of a variety of DAG analogs with

different acyl chain composition. While this was beyond the scope of this study, we believe
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that such analogs would provide an excellent opportunity to study the DAG specificity for
activation of PKCs.

Addition of DiC8 to cells has been used to show that the amplitude of relocation increases for
the alpha [29] and gamma [30] PKC isoforms. To the best of our knowledge, this is the first
time that a similar effect is observed for the beta isoform. Moreover, our approach
demonstrates that the effect of DAG is immediate. Until now it has been difficult to study the
kinetics of the response by simply adding DAG to cells, since the response time was mainly
determined by the (slow) incorporation of the DAG molecules into the plasma membrane and
subsequent flip-flop.

Using the novel caged DAG analog we show that elevated levels of DAG increase the
amplitude of PKCbetall relocation instantaneously, regardless whether cells were stimulated
via a receptor tyrosine kinase (EGFR) or via GPCRs (purinergic receptor or histamine H1
receptor). These observations indicate that the effect of DAG on PKC-betall might be a
general mechanism and demonstrate that the levels of DAG produced by PLC during
signaling are limiting PKC relocation.

By comparing the kinetics of the relocation events before and after uncaging of DAG, it was
observed that besides an increase in the relocation amplitude also the duration of a single
relocation event is increased (inset figure 5C). A qualitative inspection of the kinetics of the
relocation events reveals that the on-rate is unchanged, whereas the off-rate is decreased by
the presence of DAG. Interestingly, previous studies indicated that increasing the DAG
concentration delays the dissociation of PKC-gamma [5] and PKC-alpha [29] relative to
calcium oscillations.

Since both amplitude and duration of the relocation event are increased, the total number of
PKC molecules at the plasma membrane during a calcium oscillation is strongly enhanced. If

we assume that the relocation is proportional to kinase activity, the increased DAG levels
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would effectively amplify the number of phosphorylation events. In this respect it is of note
that in some cells the relocation of PKC halted after a few relocation events (e.g. figure 5C
and 5D). These results indicate that the elevated levels of DAG subsequently enhance
inactivation of the signaling pathway. Interestingly, it was shown that buffering the DAG
levels by overexpressing a DAG-binding domain delays the inactivation of PLC [31]. This
observation was explained by reduced PKC activation due to lower concentrations of DAG,
effectively delaying the desensitation of the signaling pathway. Together, these observations
point to a role for DAG in controlling the duration of a signaling event. It is of note that DAG
has several effectors besides PKC [32], including TRPC3/TRPC6 [33], protein kinase D [34],
chimearin [35, 36] and RasGRP [37]. Therefore, it is not possible to unambiguously identify
PKC as the effector that causes inactivation. Future studies will be needed to address the role
of other DAG responsive proteins in desensitation of signaling pathways. We feel that the
caged DAG analog presented here can be a valuable tool for such studies allowing to evaluate
the role of increased levels of DAG at the single cell level in a wide variety of physiological
processes. While this work was in progress, the synthesis and application of a number of

caged DAG analogues has been reported [38].
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