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a b s t r a c t

In this work, we describe a selective light-dependent distribution of the lipid kinase 1,2-diacylglycerol
kinase (EC 2.7.1.107, DAGK) and the phosphorylated protein kinase C alpha (pPKCa) in a nuclear frac-
tion of photoreceptor cells from bovine retinas. A nuclear fraction enriched in small nuclei from
photoreceptor cells (PNF), was obtained when a modified nuclear isolation protocol developed by our
laboratory was used. We measured and compared DAGK activity as phosphatidic acid (PA) formation in
PNF obtained from retinas exposed to light and in retinas kept in darkness using [g-32P]ATP or [3H]DAG.
In the absence of exogenous substrates and detergents, no changes in DAGK activity were observed.
However, when DAGK activity assays were performed in the presence of exogenous substrates, such as
stearoyl arachidonoyl glycerol (SAG) or dioleoyl glycerol (DOG), and different detergents (used to make
different DAGK isoforms evident), we observed significant light effects on DAGK activity, suggesting the
presence of several DAGK isoforms in PNF. Under conditions favoring DAGKz activity (DOG, Triton X-100,
dioleoyl phosphatidylserine and R59022) we observed an increase in PA formation in PNF from retinas
exposed to light with respect to those exposed to darkness. In contrast, under conditions favoring DAGK 3

(SAG, octylglucoside and R59022) we observed a decrease in its activity. These results suggest different
physiological roles of the above-mentioned DAGK isoforms. Western blot analysis showed that whereas
light stimulation of bovine retinas increases DAGKz nuclear content, it decreases DAGK 3and DAGKb
content in PNF. The role of PIP2-phospholipase C in light-stimulated DAGK activity was demonstrated
using U73122. Light was also observed to induce enhanced pPKCa content in PNF. The selective distri-
bution of DAGKz and 3in PNF could be a light-dependent mechanism that in vertebrate retina promotes
selective DAG removal and PKC regulation.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Diacylglycerol kinase (DAGK) catalyzes the phosphorylation of
diacylglycerol (DAG), a glycerolipid containing two acyl chains, to
convert it into phosphatidic acid (PA). DAG is not only a major in-
termediate product in the synthesis of several kinds of lipids but
also a bioactivemolecule. It is well known that DAG acts as a second
messenger that modulates the activity of protein kinase C (PKC) and
that its activity plays a central role in the control of proliferation
and differentiation of different cells types. By lowering DAG levels,
DAGKs may downregulate membrane localization of PKCs isoforms
and/or may terminate transient receptor-induced PKC activation.

Previous research has shown that DAG also modulates the ac-
tivity of several proteins, thus potentially affecting other cellular
functions, such as cytoskeleton reorganization, cellular growth and
carcinogenesis (Cai et al., 2009; Topham and Epand, 2009). On the
other hand, several reports have demonstrated that PA also has
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signaling properties, for example, it is PA involved in vesicle traf-
ficking and it can both bind and regulate the activity of numerous
enzymes, including PAK1, Ras-GAP, PKC-z, (Abramovici et al., 2009;
Limatola et al., 1994; Siddhanta and Shields, 1998; Zhang and Du,
2009). In addition, further studies have demonstrated that PA
functions as a selective inhibitor of protein-serine-treonine phos-
phatase 1 (PP1) (Kishikawa et al., 1999). Interestingly, PA has also
been reported to be a protein-tyrosine phosphatase (PTP) and SHP1
activator (Frank et al., 1999), thus suggesting that through PA
generation DAGK plays a protein phosphorylation-promoting role.

Ten mammalian isoforms of DAGK identified to date have been
classified into five subtypes based on shared structural motifs. Class
I includes the a (Sakane et al., 1990; Schaap et al., 1990), b (Goto and
Kondo, 1993), and g (Goto et al., 1994; Kai et al., 1994); class II the
d (Sakane et al., 1996), h (Klauck et al., 1996), and k (Imai et al.,
2005); class III the 3(Tang et al., 1996); class IV the z (Bunting
et al., 1996; Goto and Kondo, 1996) and i (Ding et al., 1998); class
V the q (Houssa et al., 1997). Furthermore, alternative splicing
variants have been reported in several of such isozymes as DAGKb
(Caricasole et al., 2002), -g (Kai et al., 1994), -d (Sakane et al., 2002),
-h (Murakami et al., 2003), -i (Ito et al., 2004), and -z (Ding et al.,
1997).

There is now solid evidence that lipid-dependent signaling
pathways operate within the nucleus (Cocco et al., 2001; D'Santos
et al., 2000; D'Santos et al., 1998; Martelli et al., 2004). A key sec-
ond messenger which is generated at the nuclear level along these
pathways is DAG. Data reported by independent laboratories have
shown that nuclear DAG can derive from either phosphoinositides
or phosphatidylcholine (D'Santos et al., 1999; Divecha et al., 2000).
Several DAGK isozymes are present in this organelle where they
may be involved in regulating the amount of intranuclear DAG
(Evangelisti et al., 2006). In some cell culture studies, the activity of
nuclear DAGKs has been demonstrated to be very critical for the
control of PKC-dependent cell proliferation (Divecha,1998; Topham
et al., 1998).

PKC isoforms are catalytically activated by several lipid co-
factors, including DAG. It is known that the phosphorylation state of
PKC is necessary for the catalytic activity as well as interactions
with binding partners which are of fundamental importance for
PKC subcellular localization (Newton, 2009). After PKC “matura-
tion” it is thought to reside in the cytoplasm in an inactive
conformation and to translocate to the plasma membrane or
cytoplasmic organelles upon cell activation by different stimuli.
Evidence collected over the last years has shown PKC to be capable
of translocating to the nucleus. Furthermore, PKC isoforms can
reside within the nucleus. Studies from independent laboratories
have led to the identification of several nuclear proteins which act
as PKC substrates as well as to the characterization of some nuclear
PKC-binding proteins (Martelli et al., 2006).

DAGKz, a type IV DAGK, contains a unique region homologous to
the phosphorylation site domain (PSD) of the myristoylated
alanine-rich C-kinase substrate (MARCKS) protein, a prominent
substrate for PKC in cells (Blackshear, 1993; Bunting et al., 1996).
This MARCKS motif is the predominant nuclear localization signal
of DAGKz, and its phosphorylation by PKC isoforms in culture cells
reduces the nuclear localization of DAGKz, which modifies nuclear
DAG accumulation (Topham et al., 1998). Thus, it has been sug-
gested that cells regulate the concentration of PKC-activating nu-
clear DAG by controling nuclear localization of DAGKz. In addition,
PKCa phosphorylates DAGKz in cells, and this phosphorylation in-
hibits its kinase activity leading to high levels of DAG, thereby
affecting cell growth (Luo et al., 2003a).

It is known that vertebrate retinal photoreceptor cells have an
active phosphoinositide (PI) metabolism and that several steps in
the PI cycle are stimulated by light (Giusto et al., 2000). Previous
research also reported that a DAGK activity identified as a DAGKg
isozyme is photoassociated and activated by light in rods from
bovine and rat retina (Huang et al., 2000). A 64 kDa isozyme with
very high homology to human DAGK 3has been shown to be present
in rat retina (Kohyama-Koganeya et al., 1997). Although until 2012
DAGKg was the only isoform detected in light activated rods
(Huang et al., 2000) we recently reported a light-dependent
different distribution of DAGK 3in bovine and rat photoreceptor
cells (Natalini et al., 2013).

Our previous immunohistochemistry studies revealed a light-
dependent localization of DAGK isoforms in different layers of rat
retinas (Natalini et al., 2013). Interestingly, the outer nuclear layer,
comprising small nucleus from photoreceptor cells, is one of these
immunostained layers. The aim of the present work was therefore
to explore DAGK presence and activity as well as the effect of light
in a purified nuclear fraction of photoreceptor cells (PNF) from
bovine retinas. PA synthesis through DAGK activity as a function of
nuclear proteins, assay time, ATP and DAG increasing concentra-
tions was measured. The present work describes for the first time a
light-dependent different content of DAGK 3and DAGKz in bovine
PNF. The role of a light-dependent phospholipase C (PLC) activation
in the regulation of nuclear DAGK activity was also demonstrated
by experimental data employing U73122. A light-induced phos-
phorylation of PKCa was also found, thus suggesting a novel light-
dependent mechanism in nuclear signaling.

2. Materials and methods

2.1. Materials

Bovine eyes were obtained from a local abattoir, placed on ice
within 10 min of the animal's death, and subsequently kept in
darkness during their transfer to the laboratory.

Polyclonal antibody raised against CRX was generously supplied
by Dr. C. Craft (University of Southern California, Los Angeles, USA).
Polyclonal antibodies raised against DAGK 3and z were a generous
gift from Dr. Matthew K. Topham (Huntsman Cancer Institute,
University of Utah, USA) and from Dr. Nicolas Bazan (Neuroscience
Center of Excellence at Louisiana State University Health Sciences
Center, New Orleans, USA). Mouse monoclonal anti-rhodopsin
(Rho4D2) antibody was generously supplied by Robert Molday
(University of British Columbia, Vancouver, BC, Canada). Rabbit
polyclonal antibodies anti-Phospho-PKCa/bII (Thr638/641)
(#9375), and anti-Phospho-PKCd (Thr505) (#9374) were from Cell
Signaling (Beverly, MA, USA). Mouse monoclonal anti- PKCa
(#610107), anti- PKCd (#610397) and anti-LAP-2b (#611000) were
from BD Biosciences (San Jose, CA, USA). Rabbit polyclonal anti-
calnexin antibody (#11397) was from Santa Cruz biotechnology.
Supplies such as U73122, Dioleoyl- and 1 stearoyl, 2 arachidonoyl-
glycerol (DOG and SAG), from Avanti Polar Lipids, were also
generously provided by Dr. Bazan. The radioactive substrates
[g-32P]ATP (10 Ci/mmol), [23H]-Glycerol (200 Ci/mmol) and the
Preblended Dry Fluor 2a70 for scintillation cocktail were obtained
from Research Products International Corp, USA All the other
chemicals used in the present research were from Sigma Aldrich
(St. Luis, MO).

2.2. Light-dark protocol applied to bovine retinas and retina
nuclear fraction (RNF) or photoreceptor nuclear fraction (PNF)
preparations

In order to evaluate the effect of light on a photoreceptor cell
nuclear population, bovine eyes were kept in darkness for
2.5 h (darkness adaptation period). The cornea, lens and aqueous
humor were subsequently removed from the eyeballs under dim
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red light. The eyecups were placed on ice in appropriate containers
and filled with oxygenated (95% O2, 5% CO2) Ames medium with
0.5% glucose (119.5mMNaCl, 3.6 mMKCl, 0.1mMNaH2PO4, 0.4mM
Na2HPO4, 1.2 mM MgSO4, 1.15 mM CaCl2, 22.6 mM NaHCO3,
pH ¼ 7.33). Optic cups were either kept in darkness for 30 min or
exposed to light (288 cd/m3). Subsequent procedures for nuclei
preparation were carried out under room light or under dim red
light at 2e4 �C. Retinas were dissected from the eyes after darkness
or light exposure and homogenized in a 1:2 (wt by vol) ratio in
0.25 M sucrose TKMmedium (50 mM TriseHCl, pH 7.5, 25 mM KCl,
5 mMMgCl2 and 1 mM EGTA in the presence of 0.1 mM PMSF, 1 ug/
ml aprotinin, 1 ug/ml pepstatin, 1 mM DTT and 2 ug/ml leupeptin.
The nuclear fraction isolation protocol for brain tissue (Gaveglio
et al., 2010) was adapted to the retina. Homogenization (30%
weight/vol) was carried out in a Potter Eveljhem homogenizer us-
ing 10 up-and-down strokes of a teflon pestle driven by a motor at
700 rpm. The homogenate was filtered through four layers of
cheesecloth and two volumes of 2.3 M sucrose in TKM were added
to reach a sucrose concentration of 1.6 M (10% weight/vol). The
filtered homogenate (1.6 M sucrose) was placed onto a 2.3 M su-
crose layer and centrifuged at 134074 g for 70min using a Beckman
SW41 rotor in a Beckman Optima LK-90 ultracentrifuge. The puri-
fied nuclear population was obtained in the pellet (Traditional
Method). Nuclear preparation purity was checked by DAPI staining
and was named RNF (retina nuclear fraction).

In order to purify small photoreceptor nuclei, which comprise a
high proportion of nuclear pellet, a different sucrose gradient was
performed. Homogenate (1.6 M sucrose) was placed onto a 1.40 ml
2.2 M sucrose TKM and 1.40 ml 2.4 M sucrose TKM gradient and
centrifuged at 106883 for 70 min using a Beckman SW41 rotor in a
Beckman Optima LK-90 ultracentrifuge. After centrifugation two
nuclear preparations were obtained, at the 2.2 M-2.4 M sucrose
interface and in the pellet. The purified nuclear pellet, rich in small
nuclei of photoreceptor cells, was named PNF (photoreceptor nu-
clear fraction). PNF was resuspended in a 50 mM HEPES pH 7.4,
10 mM MgCl2, 80 mM KCl, 2 mM EGTA and 1 mM DTT (BAFI). Ice-
cold buffer was placed in contact with the pellet for 30 min
before a loosely up and down pipette suspension.

2.3. Determination of DAGK activity

DAGK activity was determined in PNF by measuring radio-
labeled PA synthesis using [g-32P]ATP or [3H]DAG as radioactive
substrates.

2.3.1. DAGK assay using [g-32P]ATP
When DAGK activity was determined by measuring radioactive

phosphate incorporation into DAG in PNF, 3 mCi [g-32P] ATP and
either endogenous DAG, or exogenous DOG or SAG, were used as
substrates. The enzyme reaction was carried out in a medium
containing 50 mM HEPES pH 7.4, 10 mM MgCl2, 80 mM KCl, 2 mM
EGTA and 1 mM DTT in a volume of 200 ml using 100 mg of PNF
proteins per assay. The reaction was carried out at 37 �C for 10 min
and stopped by the addition of chloroform/methanol/1 N HCl
(2:1:0.2, by vol). Blanks were prepared identically, except that
membranes were boiled for 5 min before use. Lipids were extracted
according to Folch et al. (1957) and five additional washes of the
lipid extract for [g-32P]ATP elimination were carried out using
theoretical upper phase (chloroform/methanol/water, 3:48:47 by
vol). Lipids were subsequently separated by one-dimensional thin-
layer chromatography (TLC) using 1% potassium oxalate in silica gel
H plates (Merck) in a mobile phase consisting of chloroform/
acetone/methanol/acetic acid/water (40:15:13:12:7.5, by vol)
(Ilincheta de Boschero and Giusto, 1992). PA spots were visualized
by exposure of the plate to iodine vapors, identified with
appropriate lipid standards and scraped off for counting by liquid
scintillation spectroscopy. Proteins were determined following
Lowry (1976). DAG acyl chain composition and content as well as
ATP content in assays are indicated in the Figures.

2.3.1.1. Kinetic characterization and effect of detergents on nuclear
DAGKactivity. Protein, time and substrate concentration dependence
of nuclear DAGK activity was determined in PNF using [g-32P]ATP
and exogenous DOG. An appropriate volume of DOG stock solution
was evaporated under a stream of nitrogen in a glass test tube. It was
subsequently re-suspended in the assay buffer alone. The lipid was
sonicated in a test tube placed in a Cup Horn system (Branson Digital
Sonifier, model 450). Prior to incubation, nuclear suspension was
sonicated during 15 s with radioactive ATP and the lipid suspension
in a water bath (Branson Sonifier). Lipid substrate preference and
effect of detergents over nuclear DAGK activity was determined in
PNF using [g-32P]ATP and exogenous DAGs alone or in the presence
of detergents (1mMNa deoxycholate (NaDC),15mMTriton X-100 or
50 mM octylglucoside (OG)) and were evaluated over DOG or SAG,
substrates of DAGK, using a micellar detergent-lipid assay. An
appropriate volume of DOG or SAG stock solutions was evaporated
under a stream of nitrogen in a glass test tube and re-suspended
alone or with detergents in the assay buffer. Lipid-detergent sus-
pension was also sonicated, aliquoted, and enzyme reaction was
started after 15 s sonication with radioactive ATP as above. Enzyme
reaction, lipid isolation and quantification of radiolabeled PA were
performed as described above (2.3.1).

2.3.1.2. Assay for preferential DAGKz and DAGK 3measurement using
[g-32P]ATP

2.3.1.2.1. DAGKz preferential measurement. A DAGK assay with
[g-32P]ATP, 500 mM DOG as exogenous substrate and 15 mM Triton
X-100 was performed. PNF pellets from dark adapted or light
exposed retinas (100 mg protein) were incubated in the presence of
4 mM phosphatidylserine (DOPS condition) and 10 mM R59022
(Type 1 DAGK preferential inhibition) for 10 min before [g-32P]ATP
addition.

2.3.1.2.2. DAGK 3 preferential measurement. DAGK assay with
[g-32P]ATP was performed in the presence of 500 mM SAG and
50 mM OG. PNF pellets from dark adapted or light exposed retinas
(100 mg protein) were incubated in the absence or in the presence
of 10 mM R59022 for 10 min before [g-32P]ATP addition.

The R59022 vehicle, DMSO, was present in the control and in all
experimental conditions in both preferential assays at a final con-
centration of 0.1%. Enzyme reaction, lipid isolation and quantifica-
tion of radiolabelled PA were performed as described above (2.3.1).

2.3.1.3. Role of retina PLC activation in DAGK activity from PNF.
To study the role of PLC in light-induced nuclear DAGK activation,
PIP2-PLC inhibitor U73122 was used. After 2.5 h dark adaptation of
the eyes, the cornea, lens and aqueous humor were subsequently
removed from the eyeballs under dim red light. The eyecups were
placed on ice in appropriate containers and filled with oxygenated
(95% O2, 5% CO2) Ames medium with 0.5% glucose and 0.1% DMSO
(DMSO controls) or 10 mM U73122 in 0.1% DMSO (PLC inhibition
condition), under dim red light. After 15 min incubation, half of the
eyecups from each condition was maintained under dim red light
while the other half was exposed to light condition for 30 min. The
PNF was obtained as previously described (2.2.). DAGK assay with
[g-32P]ATP was performed in the absence of detergents and in the
presence of endogenous DAG or 100 mM SAG. Neomicyn, a poly-
cation that binds and sequesters PIP2, was also used as a PIP2
regulator (James et al., 2004). Condition for retina exposition to
Neomicyn was as previously described for U73122 (darkelight
protocol) but in the absence of DMSO. Enzyme reaction, lipid
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isolation and quantification of radiolabelled PA were performed as
described above (2.3.1).

2.3.2. Preparation of radioactive 1,2-diacyl-sn-glycerol and DAGK
assay using [3H]DAG

Radioactive glycerolipids were obtained from bovine retinas
incubated with [2-3H]glycerol (200 mCi/mmol) as previously
described (Pasquare de Garcia and Giusto, 1986). Lipids were
extracted from the tissue as described Folch (Folch et al., 1957). [3H]
DAG plus cholesterol were isolated by mono-dimensional TLC in
silica gel G plates with a solvent system of hexane:ethyl ether:-
acetic acid (60:40:2.3 by vol). Lipids were eluted as described
Arvidson (Arvidson, 1968) and [3H]DAG was purified by one-
dimensional TLC on silica gel G developed with chlor-
oform:methanol:acetic acid (98:2:1, by vol). The substrate was
eluted as described above from the silica gel and stored in chloro-
form solution to avoid the production of 1,3-diacyl-sn-glycerol.

An appropriate volume of radioactive diacylglycerol
(30000 dpm/sample) was evaporated under a stream of nitrogen in
a glass test tube and subsequently re-suspended in a Triton X-100
containing medium to reach a final assay concentration of 13 mM
[3H]-DAG and 15 mM detergent. Prior to incubation, nuclear frac-
tion membranes (100 mg protein) were sonicated for 15 s with ATP
(2 mM final concentration) and the detergent-lipid suspension in a
water bath (Branson Sonifier).

Reactions were stopped by adding chloroform/methanol (2:1 by
volume) and lipids were extracted following Folch (Folch et al.,
1957). [3H]PA was isolated by mono-dimensional TLC in silica gel
G plates andwith a solvent system of hexane:ethyl ether:acetic acid
(60:40:2,3 by vol.). Lipids were visualized by exposure of the
chromatograms to iodine vapors, identified with appropriate lipid
standards and scraped off for counting by liquid scintillation
spectroscopy. Proteins were determined following Lowry (Lowry
et al., 1951).

2.3.2.1. Assay with [3H]DAG for a preferential DAGKz measurement in
PNF from retinas exposed to light. A DAGK assay with [3H]DAG was
performed in the presence of 15 mM Triton X-100. PNF pellets from
dark adapted or light exposed retinas (100 mg protein) were incu-
bated in the presence of 4 mM phosphatidylserine (DOPS condi-
tion) for 10 min before [3H]DAG addition. Buffer conditions were as
previously described (2.3.1). All subsequent procedures were per-
formed as previously described (2.3.2.).

2.4. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and western blot (WB) assays

Membrane suspension of RNF or PNF containing nuclear pro-
teins were denatured with Laemmli sample buffer at 100 �C for
5 min (Laemmli, 1970) and 25 ml aliquot (40 mg protein) of each
sample were resolved in a 10% SDS-PAGE and transferred to a
polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford,
MA, USA) which were blocked with 10% BSA in TTBS buffer
[20 mM Tris- HCl (pH 7.4), 100 mM NaCl and 0.1% (w/v) Tween 20]
at room temperature for 2 h. Membranes were subsequently
incubated with primary antibodies [anti-DAGKz (1:1000, v:v),
anti-DAGK 3 (1:1000, v:v) and anti-Rho4D2 (1:1000, v:v)] over
night at 4 �C; [anti- pPKCa/bII (1:2000, v:v), anti- pPKCd (1:1000,
v:v), anti-CRX (1:2000,v:v), anti-PKCa (1:1000,v:v), anti-
PKCd(1:1000, v:v), anti-Calnexin (1:1000, v:v) and anti-LAP-2b
(1:2000,v:v)] at room temperature for 2 h. After four washes with
TTBS membranes were exposed to the appropriate HRP-
conjugated secondary antibody (anti-rabbit or anti-mouse) for
2 h at room temperature.
Membranes were washed again three times with TTBS and
immunoreactive bands were detected by enhanced chem-
iluminescence (ECL, Amersham Biosciences) using standard x-ray
film (Kodak X-Omat AR). Quantification analyses of the immuno-
reactive bands were carried out using ImageJ 1.38 software
(Schneider et al., 2012). The molecular weight of the bands was
determined using the spectra multicolor broad range protein lad-
der (Thermo scientific).
2.5. Lipid peroxidation assay in retina homogenates

Lipid peroxidation was measured in retina homogenates from
dark adapted or light exposed retinas using the thiobarbituric acid
assay as previously described (Uranga et al., 2007)). After 30 min
exposition to light or to darkness (control condition), 1 ml of 30%
trichloroacetic acid (TCA) was added to 0.5 ml of retina homoge-
nates (200 mg protein). Then, 0.1 ml of 5 N HCl and 1 ml of 0.75%
thiobarbituric acid were added. Reaction tubes were heated for
15 min at 100 �C in a water bath and samples were subsequently
centrifuged at 1000 � g for 10 min.

Thiobarbituric acid reactive substances (TBARS) were measured
in the supernatant at 535 nm and results were expressed as units of
absorbance at 535 nm per mg of proteins.
2.6. Fluorescence confocal microscopy

Fluorescence studies were performed to analyze nuclear pu-
rity of nuclear fractions. The nuclear suspension from bovine
retinas was fixed with paraformaldehyde (2%) at room temper-
ature for 30 min. After 1 h incubation the samples were centri-
fuged at 4500 g for 20 min. The pellets were resuspended in
buffer to finish the fixation period. A drop from nuclear fraction
was subsequently placed on a slide and was left for 15e30 min to
allow drying. Then, samples were permeabilized with 0.1% of
Triton X-100 at room temperature for 15 min. Nuclei were sub-
sequently washed three times at room temperature for 5 min
with BAFI solution and blocked with 5% BSA. Rabbit polyclonal
anti-CRX and anti-DAGK 3antibodies diluted in 5% BSA (1:100)
were added to PNF and RNF samples respectively, and the
mixture was incubated overnight at 4 �C. After four washes with
BAFI, nuclei were incubated at room temperature with goat anti-
rabbit secondary antibody coupled to FITC (1:200) for 2 h and
after three further washes with BAFI, were suspended in 50 ml of
30% sucrose. An aliquot of the suspension was analyzed by
fluorescence confocal microscopy at 488 nmwavelength. Primary
antibodies were omitted for the negative control and no specific
staining was detected in these suspensions. The samples were
observed under a TCS-SP2 confocal microscope (Leica Mikrosys-
teme Vertrieb GmbH, Wetzlar, Germany) equipped with an
acousto-optical beam splitter and a � 63 (1.2 numerical aperture)
water immersion objective.

In order to show photoreceptor nuclei enrichment in PNF
with respect to RNF, fluorescence staining of isolated nuclei was
performed as follows. A similar suspension of RNF and PNF
pellets from bovine retinas were resuspended and fixed as
previously described (2.2). Slides were incubated with an aliquot
of propidium iodide (PI) for 25 min. After three washes with a
high ionic strength Hepes-buffered solution (BAFI) (50 mM
HEPES pH ¼ 7.4, 10 mM MgCl2, 80 mM KCl, 2 mM EGTA and
1 mM DTT), the samples were observed under a TCS-SP2
confocal microscope. Different focal planes were also observed
in an attempt to detect any possible nuclear damage (DNA
fragmentation).
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2.7. Statistical analysis

Statistical analysis was performed using ANOVA followed by
Bonferroni's test to compare means or student's t-test using the
GraphPad Prism software. p-values lower than 0.05 were consid-
ered statistically significant (indicated with asterisks). Data repre-
sent the mean value ± SD of three independent experiments. The
WB assays shown are representative of three analyses carried out
on samples from three independent experiments.
3. Results

3.1. Isolation of photoreceptor cells nuclei from bovine retina

It is known that phototransduction occurs in the outer segments
of photoreceptor cells. Our interest was therefore to determine if
changes in DAGK activity and localization occur at the nuclear level
of these cells as a consequence of light stimulus. To this end, we first
decided to obtain a nuclear fraction enriched in photoreceptor
nuclei.

A retina nuclear fraction (RNF) could be briefly obtained with
slight modifications of the liver nuclear fraction isolation pro-
cedures previously described (Gaveglio et al., 2011; Matunis, 2006).
The key of this new isolation procedure nuclei sedimentation
through a sucrose gradient containing the appropriate density
(2.3 M) to allow flotation of the outer and inner segment, endo-
plasmic reticulum and mitochondria while the nuclei remained in
the pellet. As nuclei move down through the sucrose solution,
endoplasmic reticulum (ER) moves upward and is stripped from
the nuclei without significantly affecting the outer nuclear
membrane.

Nuclei from different cell types in mammalian retinas show
important differences in size, being the nuclei of photoreceptors in
the outer nuclear layer (ONL) the smallest ones. Taking into account
these important size differences we proposed a new method based
on the inclusion of an additional layer of high density sucrose so-
lution (2.4 M) to isolate a nuclear fraction enrichment in photore-
ceptor nuclei (PNF).

The nuclear purity of both fractions was evaluated. Results
from confocal microscopy with specific nuclear markers such as
DAPI and Topro (data not shown) and also Propidium Iodide
(Fig. 1a)) were used to study the purity of the nuclear fraction.
Confocal microscopy images using a nuclear probe (Propidium
Iodide) are convincing evidences of the purity of the nuclear
preparations. Immunofluorescence studies using a-CRX, a specific
transcription factor of photoreceptor cells were also performed
(Fig. 1S). Taking into account that DAGK 3has been extensively
reported to be localized in plasma and ER membranes
(Decaffmeyer et al., 2008; Shulga et al., 2010), a-DAGK 3has been
used to ensure the absence of ER vesicles in RNF preparations
(Fig. 2S). Fluorescence images and their merged images (Nomar-
ski) from both experiences are convincing evidences of the purity
of both nuclear preparations since no membrane vesicles positive
for DAGK 3staining were seen in RNF. In fact, no membrane vesi-
cles were seen in Nomarski images. (Figs. 1S and 2S, Supple-
mentary material).

Furthermore, in order to corroborate even further the purity of
the PNF fraction, we performed WB assays in total retina homog-
enate and PNF using a- Calnexin antibody, a type I transmembrane
protein that interacts with intermediates of glycoproteins, used as
ER marker (Zhang et al., 2007) and a-Rho4D2 in order to detect
rhodopsin, the major protein marker of photoreceptor membranes.
Fig. 3S showed that both proteins were present in the retina ho-
mogenate but absent in the PNF fraction.
It is known that in mammalian retina the content of photore-
ceptor cells greatly exceeds the content of neural cells. As was
described by Masland, rods are in abundance one and two
magnitude orders higher than amacrine/bipolar and ganglion/
horizontal cells, respectively (Jeon et al., 1998). It is therefore not
surprising that in RNF (obtained with the Traditional method),
photoreceptor nuclei represent about 85% of the nuclear pellet. The
New Method allowed us to isolate a nuclear population where
photoreceptor nuclei were even more enriched than with the
Traditional Method, representing about 95e99% of the nuclear
pellet.

In order to compare the enrichment in photoreceptor nuclei
obtained with the new protocol with respect to the traditional one,
fluorescence staining with propidium iodide was performed in
isolated nuclei from both methods as described in materials and
method. In Fig. 1 representative fluorescence images are shown.
Fig. 1a), (second panel) indicates that with the New Method, a high
proportion of nuclei shows the typical nuclear photoreceptor
shape, size and dense chromatin content. In contrast, the first panel
of Fig. 1a)) shows that nuclei obtained with the Traditional Method
have a complex composition with a very different shape, size and
chromatin distribution (indicated with white arrows).

Results from TEM also showed an improved photoreceptor
nuclei purificationwhen the NewMethodwas used (Fig.1b)). In the
first panel of Fig. 1b)) (Traditional Method), two different nuclear
types (in shape, size and chromatin distribution) can be observed.
One of these nuclear types showed the typical non-regular het-
erochromatin extended distribution of rod nuclei from diurnal
mammals (Solovei et al., 2009). RNF also contained nuclei from
other retinal cells with an homogenous chromatin distribution
(indicated with black arrows). In the second panel of Fig. 1b)), an
TEM representative image from the pellet of New Method showed
that there is mainly one type of nuclei in the preparation, with the
size, shape and chromatin distribution of rod nuclei. Occasional
vesicles can be seen in both preparations. The figure shows that the
vast majority of the organelles are, indeed, nuclei.

It is known that CRX is a specific transcription factor of photo-
receptor cells, the expression of Crx, an otx-like homeobox gene
isolated from mouse retina, being restricted to developing and
mature photoreceptor cells (Furukawa et al., 1997). Western blot
(WB) assays were also performed to determine CRX content in
nuclear pellets obtained from both protocols. LAP-2b (a general
nuclear marker) was used as loading control and a representative
result is shown in Fig. 1c)). A one-fold increase in CRX/LAP-2b
relative content was observed in PNF with respect to RNF. Our re-
sults demonstrate that the modified method provides a nuclear
fraction highly enriched in photoreceptor cell nuclei.

3.2. DAGK activity in the photoreceptor nuclear fraction

In order to determine if DAGK is present in the nuclear fraction
of photoreceptor cells, our first aim was to establish the best con-
ditions to measure and characterize the enzyme activity. These first
experiments were performed under room-light standard condi-
tions. Nuclear DAGK activity was measured through radioactive
phosphate incorporation into PA using [g-32P]ATP and endogenous
DAG present in the nuclear fraction suspension or in the presence
of DOG or SAG. Although lyso phosphatidic acid (LPA) could also be
isolated by the TLC system employed, only PA was found to be
radiolabeled. With endogenous DAG, PA synthesized in PNF was
52.8 ± 17.5 pmol/mg/min. When 500 mM DOG or SAG were present
a twenty-fold increase in PA synthesis was obtained (989.5 ± 2.24
and 864.8 ± 112.2 pmol/mg/min, respectively) (data no shown).
These results demonstrate for the first time a DAGK activity in
photoreceptor nuclei.



Fig. 1. Comparative analysis of photoreceptor nuclei enrichment in retina nuclear fraction (RNF) and photoreceptor nuclear fraction (PNF). RNF and PNF from bovine retinas were
obtained following either a traditional or a new method as described in Materials and Methods. a) Nuclear staining and fluorescense detection: nuclei were treated and incubated
with propidium iodide as detailed in Materials and Methods and were subsequently analyzed by fluorescence microscopy. Representative images at 543 nm are shown. White
arrows indicate non-photoreceptor nuclei. b) TEM of nuclei from RNF and PNF. Black arrows indicate non-photoreceptor nuclei. c) WB detection of CRX in RNF and PNF. WB to detect
CRX and LAP-2b were performed as described in Materials and Methods and immunoreactive bands were detected by enhanced chemiluminescence. Numbers on the right indicate
molecular weight. The bar graph shows the densitometry values of CRX/LAP-2b expressed as ratio of the control. Asterisks indicate significant differences with respect to the dark
condition (*p < 0.05).
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Fig. 2. Kinetics of DAGK-mediated phosphorylation of 1,2-dioleoyglycerol (DOG) in PNF from bovine retina. PA formation was measured in PNF isolated from bovine retina under
room light condition. For a) and b), enzyme reaction was carried out in the presence of 500 mM DOG and 250 mM [g-32P]ATP (3 mCi of [g-32P]ATP per assay) as described in Materials
and Methods. a) PA formation was measured as a function of incubation time and results were expressed as pmoles x (mg prot)�1. b) PA formation was measured as a function of
protein content and results were expressed as pmoles x (min.)�1. For c) and d), PA formation was measured after 10 min incubation using either an increasing concentration of ATP
and 500 mM DOG (c) or an increasing concentration of DOG and 4 mM ATP (d). In both cases, results were expressed as pmoles � (mg prot � min.)�1. Data shown are averages of
three independent experiments. Error bars indicate standard error.
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To evaluate DAGK kinetics in photoreceptor nuclei the enzyme
activity was measured in the presence of DOG and as a function of
protein concentration and time. A linear response was obtained
when DAGK activity (100 ug of nuclear proteins) was measured
between 5 and 30 min (Fig. 2a)) and between 10 and 250 ug of
proteins (10 min reaction time) (Fig. 2b)). Under our experimental
conditions nuclear PA synthesis was observed to increase as a
function of ATP concentrations showing a steady state at 2 mM ATP
(Fig. 2c)). At 2 mM ATP, a MichaeliseMenten typical graph was
Fig. 3. DOG and SAG utilization and effect of detergents in PNF DAGK activity. PA formation
reaction was carried out in the presence of endogenous DAG or 500 mM DOG or SAG, with or
assay) as described in Materials and Methods. 15 mM Triton-X100 or 50 mM OG or 1 mM Na
expressed as percentual changes with respect to the control condition (detergent free). In b)
respect to the control condition (endogenous DAG). Asterisks indicate significant difference
obtained when DOG concentrations were increased. Saturability
condition for DOG appeared to be 1 mM (Fig. 2d)).

The effect of detergents, such as sodium deoxycholate (NaDC),
Triton X-100 and octylglucoside (OG) was analyzed when DOG or
SAG were employed as DAGK substrates, using a micellar
detergent-lipid assay. Percentual ratios with respect to the non-
detergent condition (effect of detergents on substrate utilization)
are shown in Fig. 3a)). When non-ionic detergents, such as OG or
Triton X-100 were used, PA formation from DOG was found to
was measured in PNF isolated from bovine retina under room light condition. Enzyme
without detergents, and in the presence of 250 mM [g-32P]ATP (3 mCi of [g-32P]ATP per
DC were used as detergents. In a), data represent the “Detergent Effect” and results are
, data represent the “DAG effect” and results are expressed as percentual changes with
s with respect to the control condition (***p < 0.001, **p < 0.01, *p < 0.05).



P.M. Natalini et al. / Experimental Eye Research 125 (2014) 142e155 149
decrease by 90 and 83%, respectively, with respect to the non-
detergent condition. When the ionic detergent NaDC was used, it
was observed that PA formation from DOG was only decreased by
45% (Fig. 3a)). Interestingly, when SAG was used as exogenous
substrate, OG and Triton X-100 were observed to strongly increase
PA formation in a similar way (93% and 113%, respectively). In
contrast, the presence of NaDC caused a decrease of 92% in PA
production from SAG (Fig. 3a)). Percentual ratios with respect to the
conditionwithout exogenous DAG but in the presence of detergents
(effect of lipids) are shown in Fig. 3b). In the presence of OG or
Triton X-100, SAGwas preferred as DAGK substrate. However, in the
presence of NaDC, DOG or SAG were equally used by DAGK
(Fig. 3b)). In addition, both substrates were avidly used by DAGK in
the presence of Triton X-100. Detergents strongly affect DAGK ac-
tivity over DOG or SAG, thus suggesting that more than one DAGK
isoform is present in PNF.

Previous research has demonstrated that DAGK 3has a prefer-
ential activity over SAG and that this substrate selectivity is also
observed in the presence of OG or Triton X-100 (Thirugnanam et al.,
2001). In PNF, our results are indicative of the highest DAGK activity
in the presence of OG and Triton X-100 when SAG was used as
exogenous substrate (Fig. 3b)), thus suggesting that DAGK 3could be
present in bovine PNF.

3.3. Evaluation of light-induced damage in bovine retina

Once we evidenced DAGK activity in PNF, we further investi-
gated if our light exposure protocol (280 cd/m3 for 30 min) induces
possible retina damage. To this end, lipid peroxidation was
measured as TBARS formation in total retina homogenates.
Furthermore, DNA fragmentation was evaluated in isolated PNF
using propidium iodine (PI) staining (Fig. 4Sa) and DAPI staining
Fig. 4. Light-effect on nuclear DAGK activity evaluated with different DAGK assays. a) DAGK a
[3H]DAG in the presence of Triton -X100 and ATP. b) PA formation in PNF from light or dark
DOG or SAG as co-substrates, in absence of detergents. In c) and d) DAGK assay was measu
DMSO). DAGK assays were performed as described in Materials and Methods and result
prot �min)�1 (b, c and d). Data shown are averages of three independent experiments. Error
between light and dark condition and between PNF and RNF, respectively (***p < 0.001, #
condition (*p < 0.05, **p < 0.01). In c) and d), asterisks indicate significant differences with
(data not shown). Different focal plains were analyzed by confocal
microscopy in order to discard DNA fragmentation. As shown in
Fig. 4Sa, supplementary material, no DNA fragmentation was
observed under our experimental conditions. TBARS formationwas
barely detected both in retina homogenates from the control con-
dition and from light-exposed retinas (Fig. 4Sb). It can thus be
concluded that under our experimental conditions no light-
induced damage was observed.

3.4. Light-effect on DAGK activity in nuclei from photoreceptor cells

In order to explore light effect on nuclear DAGK activity, ex-
periments using amicellar detergent assay containing Triton X-100,
[3H]DAG and ATP were conducted as detailed in materials and
methods. Results obtained in PNF were also compared with those
found in RNF.

DAGK activity in PNF from light stimulated retinas was 275%
higher than that in PNF from dark-adapted retinas (Fig. 4a)). DAGK
activity under these experimental conditions was higher in PNF
than in RNF (200%) and interestingly no significant effect of light
was observed in RNF (Fig. 4a)), thus suggesting that the effect of
light observed in PNF (in the presence of Triton X-100, [3H]DAG and
ATP) is a selective photoreceptor nuclear response (Fig. 4a)).

DAGK activity was also analyzed in PNF from either light or dark
exposed retinas using [g-32P]ATP as radiolabelled substrate and
endogenous DAG, or exogenous DOG or SAG as co-substrates, in the
absence of detergents (Fig. 4b)). As shown in Fig. 4b)), in the
absence of exogenous DAG and detergents, no changes in DAGK
activity was observed between PNF from retinas exposed to light
and those obtained from dark adapted retinas. In contrast, light was
found to induce a significant decrease in DAGK activity when
exogenous DOG or SAG were present in the assay (Fig. 4b)). These
ctivity was evaluated in RNF and PNF obtained from light or dark exposed retinas using
exposed retinas was measured using [g-32P]ATP and endogenous DAG, or exogenous

red as described in b, after 10 min preincubation with 10 mM R59022 or vehicle (0.1%
s are expressed as dpm [3H-PA] � (mg prot � min)�1 (a) or pmol [32P-PA] � (mg
bars indicate standard error. In a), asteriks and numerals indicate significant differences
##p < 0.001). In b), asterisks indicate significant differences with respect to the dark
respect to control conditions (without R59022), (*p < 0.05).
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differences in substrate utilization in the presence or absence of
detergents suggest that more than one DAGK isoform is present in
PNF and that they could be differentially modulated by light.

Whereas type I DAGK isoforms have no selectivity for any acyl
composition of DAG, DAGK 3(type III) is known to be selective for
SAG. In contrast, DAGKz (type IV) has been found to prefer DOG to
SAG (Thirugnanam et al., 2001). Our results in the presence of
exogenous DOG and SAG suggest the presence of DAGKz and DAGK 3

isoforms in PNF. In order to indirectly analyze type I DAGKs
contribution, R59022 (a type I DAGK selective inhibitor) was used
(van Blitterswijk and Houssa, 2000). As shown in Fig. 4c) and d),
when DOG or SAG were used as exogenous substrates, R59022 was
observed to decrease DAGK activity by 33% and 20% in the dark
condition, respectively. However, under light condition R59022was
not found to change DAGK activity, when both exogenous sub-
strates were used (Fig. 4c) and d)). Results obtained with R59022
suggest that type I DAGKs are activated in PNF only under dark
conditions.

Data obtained from the evaluation of the effect of light in ex-
periments carried out without detergents andwith exogenous DOG
and SAG ([g-32P]ATP as co-substrate), and from [3H]DAG in the
presence of Triton X-100, suggest that changes in DAGK isoforms
localization in PNF as a consequence of light exposure cannot be
discarded.
3.5. Effect of light on the localization of DAGK 3, DAGKz and type I
isoforms in nuclei from photoreceptor cells

In order to evaluate the effect of light exposure on the locali-
zation of different DAGK isoforms WB assays were carried out.
DAGK 3, z, a, b and g levels were determined in PNF from dark-
adapted bovine retinas or from light exposed bovine retinas as
detailed in materials and methods. Whereas light exposure was
observed to increase the content of DAGKz in PNF by 50% with
respect to the dark condition, a decrease in the content of DAGK 3

and b (by 30% and by 38%, respectively) was observed (Fig. 5(a) and
(b)). CRX was used as loading control. Although a and g isoforms
were present in PNF, no light-induced differences in PNF content
were detected for these isoforms (data not shown).

At the moment we have only immunodetected all class I DAGK
(a, b and g isoforms), class III ( 3isoform) and class IV (z isoform).
However, we do not discard that other isoforms could be present.
Fig. 5. Effect of light on the nuclear localization of DAGK 3, DAGKz and DAGK b in photore
proteins (40 mg) were resolved in a 10% SDS-PAGE and transferred to a PDVF membrane. Mem
in Materials and Methods. Immunoreactive bands were detected by enhanced chemilumi
representative results of three independent experiments. The bar graph shows the densit
Asterisks indicate significant differences with respect to the control (*p < 0.05, ***p < 0.00
DAGK 3and z have contrasting conditions for their maximal ac-
tivity and on the basis of differential activation or inhibition it has
been suggested that they have different physiological roles
(Thirugnanam et al., 2001). The light-dependent differential local-
ization of these isoforms in the PNF is indeed an interesting finding,
so selective experimental conditions to favor the activity of DAGK 3

or DAGKz were used.

3.6. Effect of light under experimental conditions that favor DAGKz
or DAGK 3activity in nuclei from photoreceptor cells

PA formation was studied under different assay conditions to
preferentially evaluate DAGKz or DAGK 3activity in PNF from dark
or light exposed retinas.

It is known that the specificity of DAGK 3for SAG as well as the
specificity of DAGKz for DOG are relative and not absolute
(Thirugnanam et al., 2001). However, the effects of di-oleoyl
phosphatidylserine (DOPS) on both isoforms are opposite, DAGKz
being activated by DOPS and DAGK 3being inhibited by this phos-
pholipid (Thirugnanam et al., 2001). In nuclei obtained from light
exposed retinas, under experimental conditions that favor DAGKz
activity (DOG as exogenous substrate, [g-32P]ATP and Triton X-100),
we observed a higher PA formation with respect to the dark con-
dition in the presence of DOPS (DAGK 3inhibitor) and R59022 (type
I DAGK inhibitor), all these being the optimal conditions to assay
DAGKz activity (Fig. 6a)). The effect of DOPS was also observed
when [3H]DAG was used as exogenous substrate (Fig. 6b)).

In addition, to favor DAGK 3activity, a micellar detergent lipid
assay with OG as detergent, SAG as exogenous substrate and [g-32P]
ATP was performed. Under these conditions, which are used to
preferentially measure DAGK 3, light exposure was observed to in-
crease PA formation by 40% with respect to the dark condition.
However, this increase was also abolished by R59022, a type 1 se-
lective inhibitor of DAGK. These results suggest that light-induced
enhanced PA formation is not mediated by DAGK 3but by type I
DAGKs, instead.

3.7. Light-dependent phosphorylated PKCa (pPKCa) localization
and DAGK effects on pPKCa in PNF

It has been previously reported that in cell culture PKCa and
DAGKz are co-regulated (Luo et al., 2003a, 2003b). Whereas by
phosphorylating MARCKS motif, PKCa attenuates DAGKz activity,
ceptor cells. WB assays were performed to detect DAGK 3and z (a) or DAGKb (b). PNF
branes were blocked and incubated with primary and secondary antibodies as detailed
niscence. Numbers on the right indicate molecular weights and the data shown are
ometry values of each DAGK/CRX expressed as ratio of the control (Dark condition).
1).



Fig. 6. Assays under conditions used to preferentially measure DAGKz and DAGK 3activities. To favor DAGKz, assays using a) [g-32P]ATP and 500 mM DOG as exogenous substrate
(DOG/Triton-X100) or b) [3H]DAG and Triton X100 were performed. In a), PNF from dark adapted or light exposed retinas (100 mg protein) were preincubated in the presence of
4 mM phosphatidylserine (DOPS condition) and with 10 mM R59022 (Type 1 DAGK preferential inhibition) for 10 min before [g-32P]ATP addition, and DAGK activity was subse-
quently measured as described in Material and Methods. To preferentially measure DAGK 3, assays using [g-32P]ATP in the presence of 50 mM OG and 500 mM SAG were carried out.
PNF from dark adapted or light exposed retinas (100 mg protein) were incubated in the presence of 10 mM R59022 or 0.1% DMSO (control condition) for 10 min before [g-32P]ATP
addition (c). DAGK activity was measured as described in Material and Methods. In a) and c), the “Effect of light” is shown. Results are expressed as percentual changes with respect
to the control condition (dark condition). In b), data are expressed as dpm [3H-PA] � (mg prot � min)�1. Error bars indicate standard error. Asterisks indicate significant differences
with respect to the dark condition (*p < 0.05, **p < 0.01, ***P < 0.001).
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this phosphorylation also attenuates their co-immunoprecipitation
and co-localization, thus suggesting that DAGKz phosphorylation
by PKCa negatively regulates the interaction of these kinases. On
the other hand, because light was found to induce an increased
localization and activation of DAGKz in PNF (Figs. 5a and 6a,
respectively), we decided to analyze PKCa content and its light-
induced phosphorylation in photoreceptor nuclei.

Phosphorylated PKCa (pPKCa) and total PKCa were detected by
WB in PNF from dark-adapted retinas and from retinas exposed to
light. CRX detection was used as loading control (Fig. 7a)). The
mature phosphorylated form of PKCa was found to be significantly
increased in PNF from retinas exposed to light with respect to
nuclei from dark-adapted retinas (275%) with no significant
changes in total PKCa content in PNF (Fig. 7a)).

All DAGK isoforms regulate DAG content and conventional and
novel PKCs, such as PKCa and PKCd respectively, are DAG-regulated
isoforms differing in the presence of a Caþþ sensitive or insensitive
domain, respectively. We thus also analyzed the presence of pPKCd
and total PKCd by WB in PNF from dark-adapted or light exposed
retinas. PKCd was not found in PNF (data not shown).

In order to evaluate the role of DAGK in the regulation of PKCa
phosphorylation in the nuclei, experiments with R59022 were
performed. When nuclei obtained from light-exposed retinas were
incubated in the presence of R59022, a significant decrease in
pPKCa was observed (Fig. 7b)). This result demonstrates that PKCa
phosphorylation depends on DAGK activity.

Light-dependent changes in the content of pPKCa in PNF could
also be connected with a potential modulation of DAGK activities.
To study a possible DAGK modulation by PKC, DAGK activity was
measured (using [g-32P]ATP and SAG as substrate in the absence of
detergents) in nuclei pre-incubatedwith the PKC activator (PMA) or
with BIM (a PKC inhibitor). Neither PKC activation nor PKC inhibi-
tion were observed to affect DAGK activity in PNF from dark-
adapted or light-exposed retinas (data not shown).

3.8. PIP2-Phospholipase C role in PNF DAGK activity

Phospholipase Cg1 (PLCg1) has been previously detected in the
signaling complex of PKCa and DAGKz (Luo et al., 2003b). Based on
this, we decided to analyze whether or not DAGK activity is
modulated by PLC under dark or light conditions. To this end, ret-
inas were preincubated for 15minwith U73122 (PIP2-PLC inhibitor)
as detailed in 2.3.1.2. DAGK assay in PNF was carried out in the
absence of exogenous DAG in order to evaluate the effect of DAG
generated endogenously, possibly through PLC activation. In addi-
tion, the DAGK assay was also performed in the presence of SAG
(Fig. 8).

Whereas under the dark condition U73122 was not found to
affect DAGK activity, in PNF from retinas exposed to light a signif-
icant decrease (by 90%) was observed (Fig. 8). These results indicate
that, when no exogenous DAG is added, basal DAGK activity de-
pends on PLC only under light conditions. Interestingly, U73122
was also found to reduce PA formation (by 70%) in light exposed
photoreceptor nuclei when DAGK assay was performed in the
presence of SAG (Fig. 8). These results demonstrate that when DAG
is added exogenously the inhibition of PLC partialy reduces DAGK
activity, thus suggesting that DAG is not the only PLC-derived
messenger involved in this regulation.

It has been reported that PIP2 inhibits DAGK 3(Thirugnanam
et al., 2001; Walsh et al., 1995). Taking into account that PIP2-PLC



Fig. 7. Light-dependent localization of phosphorylated PKCa and effect of a DAGK inhibitor (R59022). a) WB assays from PNF proteins obtained from light-exposed or dark-exposed
retinas were performed as described in Fig. 5. Numbers on the right indicate molecular weights and the data shown are representative results of three independent experiments.
The bar graphs show the densitometry values of each pPKCa/PKCa or PKCa/CRX expressed as relative intensities. Asterisks indicate significant differences with respect to the dark
condition (*p < 0.05). b) PNFs obtained from light-exposed or dark-exposed retinas were preincubated in the presence of R59022 (10 mM) or vehicle (0.1% DMSO, control conditions).
WB assays were performed as described in Fig. 5. Numbers on the right indicate molecular weights and the data shown are representative results of three independent experiments.
The bar graph shows the densitometry values of each pPKCa/PKCa expressed as a ratio of the control (Dark condition). Asterisks indicate significant differences with respect to the
condition without R59022 (**p < 0.01).
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inhibition causes PIP2 increase, the effect of Neomycin, a polycation
that binds and sequesters PIP2 (James et al., 2004) was studied.
Independently of light or dark conditions, preincubation with
Neomycin was observed to strongly increase PA formation in PNF
(Fig. 9). These data suggest that in the presence of Neomycin the
increased DAGK activity could be due to an enhanced DAGK 3ac-
tivity induced by PIP2 sequestration. These data also suggest that
DAGK inhibition by U73122, in the absence or in the presence of
exogenous SAG (Fig. 8), could be partially due to a PIP2 modulation.
4. Discussion

Our findings are not only the first evidence of the presence of
DAGK isoforms and PKCa in the nucleus of bovine photoreceptor
cells but also demonstrate that the activity and localization of
DAGKs as well as PKCa phosphorylation are regulated by light.
Fig. 8. Role of PIP2-PLC on DAGK activity in PNF from bovine retinas. To evaluate PIP2-
PLC role on DAGK activity in PNF, bovine retinas were preincubated with 10 mM
U73122 (PIP2-PLC inhibitor) or with the vehicle (0.1% DMSO, control conditions) in
oxygenated (95% O2, 5% CO2) Ames medium for 15 min under dim red light. Eyecups
were subsequently exposed to light or kept in darkness and the PNF were isolated as
described in Material and Methods. DAGK assay was carried out using [g-32P]ATP in
the absence of detergents and in the presence of endogenous DAG or 0.1 mM SAG. Data
are expressed as percentage of control (without U73122). Error bars indicate standard
error. Asterisks indicate significant differences between light and dark condition
(***p < 0.001).
We have recently reported that DAGK 3is differently localized
in bovine and rat photoreceptors cells in response to light. DAGK 3

was demonstrated to be concentrated in the inner segment of the
photoreceptor layer under dark condition. In contrast, under light
stimuli, DAGK 3was observed to be higher in the outer segment
than the inner segment (Natalini et al., 2013). Representative
images from immunohistochemistry assays showed that DAGK 3

appears to be also concentrated in nuclei of the photoreceptor
layer (ONL) under dark conditions. In contrast, under light stimuli,
DAGK 3appears to be partially depleted in ONL (Natalini et al.,
2013).

With the present study we wanted to determine if as a result of
phototransduction, changes occur in the DAGK activity at the nu-
clear level of photoreceptor cells.

Nuclear and subnuclear localization and functions of several
types of DAGKs have been described in different cellular types
(Martelli et al., 2006). However, this is the first report of their
Fig. 9. Effect of Neomycin as a PIP2 binder on DAGK activity in PNF from bovine retinas.
To evaluate nuclear DAGK activity in the presence of Neomycin (PIP2 sequester), bovine
retinas were preincubated with 0.5 mM neomycin or with the vehicle (water) in
oxygenated (95% O2, 5% CO2) Ames medium for 15 min under dim red light. Eyecups
were subsequently exposed to light or kept in darkness and the PNF were isolated as
described in Material and Methods. DAGK assay was carried out using [g-32P]ATP in
the absence of detergents and exogenous substrates. Results are expressed as pmol
[32P-PA] � (mg prot � min)�1. Error bars indicate standard error. Asterisks indicate
significant differences between light and dark condition (***p < 0.001, **p < 0.01).
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presence in a nuclear fraction of photoreceptor cells from bovine
retina.

By using the new purification protocol described in this work,
we obtained a nuclear fraction highly enriched in photoreceptor
nuclei (PNF), demonstrated by propidium iodide staining, WB and
TEM (Fig. 1). Although RNF and PNF are purified nuclear fractions
(Figs. 1S, 2S and 3S), results indicate that our PNF isolation protocol
renders a significantly improved photoreceptor nuclear
enrichment.

Using two different radioactive precursors, DAGK activity was
found in isolated PNF. As described in Fig. 2, PA synthesis from
exogenous DOG and using [g-32P]ATP was linear as a function of
time and protein content. DOG and ATP saturating concentrations
for a DAGK activity were also determined.

Results obtained with ionic and non-ionic detergents and
different lipid substrates (Fig. 3) revealed that more than one DAGK
isotype is active in photoreceptor nuclei. Results obtained in the
presence of SAG, OG and type I DAGK inhibitor (R59022) indicated
DAGK 3activity. In addition, DOPS stimulation of DAGK activity in
the presence of Triton X-100 (Fig. 6a)) was also indicative of DAGKz
presence in PNF. Moreover, WB assays were conclusive about the
presence of both isoforms as well as DAGKb in PNF (Fig. 5). In
addition, DAGKa and DAGKg were also observed by WB in PNF
(data not shown). Our results showed a selective light-modulated
nuclear localization of DAGKs. Whereas DAGK 3 and b nuclear
localization was reduced in PNF from light exposed retinas with
respect to the dark condition, DAGKz nuclear localization increased
after light exposure (Fig. 5).

As was previously mentioned, in immunohistochemistry assays
DAGK 3was observed to be partially depleted in ONL when dark-
adapted rats were exposed to light (Natalini et al., 2013). Taking
into account that light/dark conditions cannot be controlled pre-
cisely in the bovine model, our previous data in the rat in vivo
model strengthen our present results.

The results obtained byWB regarding DAGKzwere supported by
DAGK activity assays under conditions that favor the activity of this
isoform. Under the best conditions to measure DAGKz activity
(DOG, Triton X-100, EGTA, R59022 and DOPS) a higher PA formation
was observed in PNF from light-exposed retinas (Fig. 6a)).

Although it is unlikely to be measuring a type I DAGK under
conditions that favor the activity of DAGKz, a minor contribution of
other DAGK isoform (stimulated by PS and not inhibited by EGTA
and R59022) cannot be completely discarded. Sequence based
analysis indicated that DAGKb, a type I DAGK, could be stimulated
by PS, however no experimental data of this stimulation was re-
ported to date.

In addition, R59022 (a type I DAGK inhibitor) was observed to
reduce PA formation in PNF from dark-adapted retinas (assayed in
the presence of DOG or SAG) although it did not inhibit DAGK ac-
tivity when PNF was from light exposed retinas (Fig. 4c) and d)).
This finding is in accordance to the reduced DAGKb nuclear local-
ization observed under light condition (Fig. 5).

Light-dependent changes in the content and activity of different
isoforms of DAGK in PNF could be connected with a potential nu-
clear PKC modulation. Increasing evidence has suggested a role of
PKC in nuclear functions, which could be indicative of a pathway
that connects signals generated at the plasma membrane with the
nucleus (Eyster et al., 1993; Rosenberger et al., 1995). Almost every
PKC isoform has been reported to be present in the nucleus in
several cellular systems under certain conditions, either as a
consequence of translocation from cytoplasm or as a resident
enzyme.

Our results demonstrate a light-dependent increased content of
DAGKz and pPKCa in PNF from light exposed retinas with respect to
dark adapted retinas (Figs. 5 and 7).
It has been reported that in culture cells the pattern of tissue and
cellular expression of PKCa closely parallels that of DAGKz and that
these two proteins could interact, thus suggesting that they reside
in the same signaling complex (Luo et al., 2003b). Although pro-
teineprotein association cannot be disregarded, the low content of
DAGKz in PNF from dark adapted retinas and the similar content of
total PKCa under dark and light conditions suggest that these en-
zymes are not present in a signaling complex.

In addition, a light-dependent decreased content of nuclear
DAGK 3and b was found.

It is known that DAGKz and 3have differential substrate avidity
and they are differently modulated by phospholipids and calcium
ions (Thirugnanam et al., 2001). Differences in nuclear localization of
these DAGK isoforms could thus regulate the concentration of nu-
clear DAG and PA. It was previously reported that PA functions as an
inhibitor of the protein phosphatase 1 (PP1) (not for PP2A or PP2B)
and that it may reverse or counteract the PP1-mediated effects of
ceramide, such as apoptosis and retinoblastoma gene product
dephosphorylation (Kishikawa et al., 1999). Nuclear activation and
phosphorylation of PKCa could therefore be light-regulated through
DAG and PA. Nuclear DAG could activate PKCa while PA could keep
PKCa phosphorylation by inhibiting PP1 activity. Nuclear DAGKs
activation appears to be crucial to modulate DAG and PA levels.

According to our hypothesis, in light-exposed retinas pPKCa
nuclear content was strongly decreased when nuclear DAGK was
inhibited with R59022, a condition that decreases PA formation.

Important light-dependent changes in nuclear localization of
DAGK isoforms have been described in this work (Fig. 5). Nuclear
DAGK activity over endogenous DAG, which appears to be similar
between PNF from dark-adapted or light exposed retinas, could
thus be misinterpreted. Because DAGKz content was increased in
PNF from light-exposed retinas whereas DAGK 3and b content were
decreased, no changes in DAGK activity over endogenous DAGwere
observed. However, light-induced changes in DAGK activity could
be observed when the enzyme assay was performed in the pres-
ence of detergents and exogenous substrates (Fig. 6).

Experiments carried out in the presence of the PIP2-PLC inhib-
itor U73122 demonstrated that PLC regulates nuclear DAGK activity
under light conditions (both, when endogenous DAG or SAG were
used as substrates), thus suggesting a close relationship between
both enzymatic activities (Fig. 8).

Therefore, apart from the changes in nuclear DAGKs content,
light-induced PLC activation alsomodulates nuclear DAGK activity. It
is interesting to note that a light-induced PIP2-PLC activation in-
creases DAG content but also decreases PIP2 content. Interestingly a
selective PIP2 regulation on DAGK activity has been described for
DAGK 3and DAGKz isoforms. DAGK 3, the type III enzyme, is inhibited
by both PIP2 and phosphatidylserine, whereas DAGKz is activated by
both lipids (Thirugnanam et al., 2001). Although nuclear DAGK 3

content was found to be decreased in PNF after light exposure, PIP2
depletion through a light-induced activation of PLC could increase
the activity of DAGK 3. In contrast, although DAGKz content was
found to be increased, PIP2 depletion through a light-induced PLC
activity could operate as a negative regulator. Likewise, results ob-
tained with Neomycin (a high affinity binder of PIP2) confirmed that
nuclear DAGK activity could also be stimulated by PIP2 sequestration,
independently of light or dark conditions (Fig. 9).

Our present findings reveal that phototransduction events eli-
cited in the outer segments of photoreceptor cells, and the signaling
mechanisms triggered by light stimulation, activate signal trans-
duction pathways at the nuclear level of photoreceptor cells. The
exposure of retinas to light not only induces a partial depletion of
nuclear DAGK 3 and b but also promotes the activation of the
remaining 3isoform possibly to ensure SAG remotion and genera-
tion of SAG-derived PA. In parallel, an increased content of DAGKz
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(an isoform with contrasting modulation with respect to DAGK 3)
reveals light-dependent specific conditions for nuclear DAG trans-
formation. In linewith this, nuclear pPKCa, which could be involved
in several nuclear functions, such as the control of DNA replication,
mRNA synthesis and processing, nucleo-cytoplasmic transport and
chromatin structure (Martelli et al., 2003), could be modulated by
this differentially regulated nuclear DAGKs. Taken together, our
findings reveal for the first time a novel light-dependent regulation
of DAGKs and PKCa in nuclei of photoreceptor cells.
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