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Signaling Roles of Diacylglycerol Kinases
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Abstract Diacylglycerol kinases (DGKs) attenuate diacylglycerol signaling by converting this lipid to phosphatidic
acid (PA). The nine mammalian DGKs that have been identified are widely expressed, but each isoform has a unique tissue
and subcellular distribution. Their kinase activity is regulated by mechanisms that modify their access to diacylglycerol,
directly affect their kinase activity, or alter their ability to bind to other proteins. In many cases, these enzymes regulate the
activity of proteins that are modulated by either diacylglycerol or PA. Experiments using cultured cells and model
organisms have demonstrated that DGKs have prominent roles in neuronal transmission, lymphocyte signaling, and
carcinogenesis. J. Cell. Biochem. 97: 474-484, 2006. © 2005 Wiley-Liss, Inc.
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Diacylglycerol (DAG) is a membrane lipid
that activates numerous proteins, including
conventional and novel protein kinase C
(PKC) isoforms [Newton, 1997; Toker, 1998],
Ras guanyl nucleotide-releasing proteins
(RasGRPs) [Ron and Kazanietz, 1999], and
some transient receptor potential channels
[Lucaset al., 2003]. DAG also recruits a number
of proteins to membrane compartments, includ-
ing the chimaerins, protein kinase D, and the
Muncl3 proteins [Ron and Kazanietz, 1999].
Because of its broad effects, the availability
diacylglycerol needs to be tightly regulated.
DAG is metabolized in three ways: hydrolysis of
a fatty acyl chain by diacylglycerol lipase to

Abbreviations used: DGK, diacylglycerol kinase; DAG,
diacylglycerol; PA, phosphatidic acid; PKC, protein kinase
C; RasGRP, Ras guanyl nucleotide-releasing protein; PH,
pleckstrin homology; PI, phosphatidylinositol; SAM, sterile
alpha motif; PLD, phospholipase D; PIP,, phosphaditylino-
sitol-4,5-bisphosphate; mTOR, mammalian target of rapa-
mycin.

Grant sponsor: National Institutes of Health; Grant
number: CA95463; Grant sponsor: The R. Harold Burton
Foundation.

*Correspondence to: Matthew K. Topham, Huntsman
Cancer Institute, University of Utah, 2000 Circle of Hope,
Salt Lake City, UT 84112-5550.

E-mail: matt.topham@heci.utah.edu

Received 6 October 2005; Accepted 11 October 2005

DOI 10.1002/jcb.20704

© 2005 Wiley-Liss, Inc.

generate a monoacylglycerol and a free fatty
acid, addition of CDP-choline or-ethanolamine
to form phosphatidylcholine or phosphatidy-
lethanolamine, or phosphorylation of the free
hydroxyl group to produce phosphatidic acid
(PA). Under most circumstances, its conversion
to PA is the major route for metabolism of
signaling DAG. This reaction is catalyzed by a
large family of enzymes, the diacylglycerol
kinases (DGKs) (Fig. 1). Nine mammalian
DGK isoforms have been identified to date. In
contrast to mammals, one or only a few DGK
isoforms have been identified in organisms such
as Caenorhabditis elegans, Drosophila melano-
gaster, Dictyostelium discoideum, and Arabi-
dopsis thaliana [de la Roche et al., 2002; Luo
et al., 2004b]. No DGK gene has been identified
in yeast, and there is one bacterial diacyl-
glycerol kinase that has little similarity to
eukaryotic DGKs. Recently, a mammalian lipid
kinase that phosphorylated several types of
lipids, including 1-acylglycerol, diacylglycerol,
and ceramide was identified and localized
predominantly to the mitochondria. It has a
catalytic domain homologous to the mammalian
DGKs, but otherwise has little similarity
[Waggoner et al., 2004; Bektas et al., 2005].
The structural diversity of DGKs in mammals
suggests that they have evolved to perform roles
in processes specific to higher vertebrates. All of
the eukaryotic DGK isoforms identified to date
are similar in having a kinase domain consist-
ing of catalytic and accessory domains. Each
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Fig. 1. The mammalian DGK family. Nine mammalian DGKs
have been identified. They are divided into five subtypes based
on structural similarity. All DGKs have a kinase domain
consisting of catalytic and accessory domains. Each DGK also
has at least two C1 domains. The C1 domain closest to the

catalytic domain has a consensus ATP binding
site with the sequence Gly-X-Gly-X-X-Gly,
where X is any amino acid. Mutation of the
second glycine to an aspartate [Topham et al.,
1998] or alanine [Los et al., 2004], yields an
inactive enzyme. The DGK catalytic domains
likely function similarly to those of protein
kinases by presenting ATP as the phosphate
donor. However, structural differences between
the DGK and protein kinase catalytic do-
mains suggest that DGK catalytic domains
may have access to DAG in lipid bilayers.
Protein kinase catalytic domains, in general,
do not require such access. Mammalian DGKs 6
and m have bipartite catalytic domains, indicat-
ing that the catalytic and accessory domains
might function as two independent units in a
coordinated fashion. In addition to their kinase
domains, all eukaryotic DGKs have at least two
cysteine-rich regions homologous to the C1A
and C1B motifs of PKCs [Hurley et al., 1997].
Whereas structural predictions suggest that
these domains likely bind DAG, no DGK C1
domain has been conclusively shown to bind
diacylglycerol. The C1 domains of mammalian
DGKs a, B, v, 8, n, and 6 have been tested for
their ability to bind PDBu, a long-lived DAG
analog, but only the C1A domains of DGKs f and
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catalytic domain has an extended motif. Other motifs shown in
this figure regulate DGK activity, subcellular localization, or
interaction with other proteins or lipids. Other structural motifs of
unknown significance are not included in this figure.

v could successfully bind [Sakane et al., 1996b;
Shindo et al.,, 2001, 2003]. And based on
sequence alignments, Hurley et al. [1997] noted
that most DGK C1 domains were sufficiently
different from those in PKCs that they might
not bind DAG. It is possible, though, that the
inability of the DGK C1 domains to bind PDBu
is due to structural differences between PDBu
and DAG, reflecting an exquisite selectivity of
DGK C1 domains for authentic DAG, in contrast
to the more promiscuous C1 domains of other
proteins that also bind phorbol esters like
PDBu. It is interesting to note that the C1
domain in DGKs that is closest to the catalytic
domain has an extended motif of 15 amino acids
that is highly conserved between DGKs and not
present in other C1 domains [Houssa and van
Blitterswijk, 1998]. The conserved residues in
this extended motif are critical for DAG kinase
activity [Los et al., 2004], suggesting that this
extended C1 domain might have a critical
function in binding DAG.

In addition to the C1 and catalytic domains,
most DGKs have other structural domains that
appear to have regulatory roles. These domains
are used to group the mammalian DGKs into
five subfamilies. Type I DGKs have calcium-
binding EF hand motifs, making these isoforms
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more active in the presence of calcium [Yamada
et al., 1997]. DGKs with pleckstrin homology
(PH) domains at their amino termini are group-
ed as type II. Though no specific function has
been identified for these domains, the PH
domain of DGKS was shown to bind weakly
and nonselectively to phosphatidylinositols
(PIs) [Takeuchi et al., 1997]. DGKS also has at
its C-terminus a sterile alpha motif (SAM) that
is necessary to localize DGKS to the endoplas-
mic reticulum where it participates in vesicle
trafficking between there and the golgi appa-
ratus [Nagaya et al., 2002]. The SAM domain
might also mediate oligomerization of type II
DGKs [Murakami et al., 2003]. The type III
DGKze has no identifiable regulatory domains,
but it does have an unusual specificity toward
acyl chains of DAG, strongly preferring an
arachidonoyl group at the sn-2 position [Tang
et al.,, 1996]. This preference suggests that
DGKe might be a component of the biochemical
pathway that accounts for the enrichment of PI
species with arachidonate. Type IV DGKs have
a region homologous to the phosphorylation
domain of the MARCKS protein that acts as a
nuclear localization signal [Ding et al., 1998;
Topham et al., 1998]. These DGKs also have
four ankyrin repeats at their C-termini. The
type VDGKO has three C1 domains and a region
with weak homology to a PH domain. There is
additional complexity in the mammalian DGK
family due to alternative splicing that occurs
with DGKs B [Caricasole et al., 2001], y [Kai
etal., 1994], 6 [Sakaneet al., 2002],{[Dinget al.,
1997], 1 [Ito et al., 2004], m [Murakami et al.,
2003], and probably others. Their diversity
indicates that the mammalian DGKs are an
important family of enzymes that regulate a
variety of signaling events.

PHOSPHATIDIC ACID PRODUCED BY
DGKs HAS SIGNALING FUNCTIONS

The DGK reaction is unusual because not
only does it remove the signaling molecule DAG,
but the product of the reaction, PA, also has
signaling roles. PA can stimulate DNA synth-
esis and is potentially mitogenic [van Corven
et al., 1992]. And PA generated at the plasma
membrane helps recruit Raf [Rizzo et al., 2000]
and sphingosine kinase 1 [Delon et al., 2004]. It
is alsoinvolved in vesicle trafficking [Siddhanta
and Shields, 1998] and modulates the activity of
several enzymes, including PI 5-kinases [Ishi-

hara et al., 1998], PAK1 [Bokoch et al., 1998],
Ras-GAP [Tsai et al., 1990], PKCC{ [Limatola
et al., 1994], and protein phosphatase 1 [Jones
and Hannun, 2002]. Although the bulk of
signaling PA is thought to be generated via
phospholipase D (PLD) enzymes, DGKs likely
also contribute to its intracellular concentra-
tion. The PA species derived from the DGK
and PLD reactions are structurally different
because the initial substrates have distinct
fatty acid components. PA produced by PLD is
derived predominantly from phosphatidylcho-
line, which is largely composed of saturated and
mono-unsaturated fatty acids. PA produced by
DGK is derived from DAG, which is enriched
in poly-unsaturated fatty acids—particularly
arachidonate [Pettitt et al., 1997; Hodgkin et al.,
1998]. This is an important distinction because
there is good evidence that each PA species—
saturated and unsaturated—can differentially
activate targets [Hodgkin et al., 1998]. For
example, saturated PA species induce MAPK
activation to a greater extent than unsaturated
PAs. Thus, DGKs might not only regulate DAG
signaling, but might also initiate other signal-
ing events by producing PA. Suggesting a
signaling role for PA derived from DGKs, Flores
et al. [1996] demonstrated evidence in T-
lymphocytes that PA produced by DGKa was
necessary for progression to S phase of the
cell cycle. Thus, DGKs can influence signaling
events either by metabolizing DAG or by gene-
rating PA.

TISSUE DISTRIBUTION OF THE DGKs

Except for DGKs 6 and ¢, all mammalian DGK
isoforms are expressed in the brain at levels
equivalent or higher that in other tissues. They
have been detected in a number of different
regions of the brain, including the hippocampus
B, v, & G, 1, 0), cerebellum (v, ¢, {, 1, 8), and
olfactory bulb (B, v, {, 0), and in the retina (g, v, 1)
[Topham and Prescott, 1999]. Their prominent
expression in these structures indicates that
DGKs are an integral part of central nervous
system and visual function. Several DGKs (a, ¢,
{,n) are also expressed in the lung [Klauck et al.,
1996; Katagiri et al., 2005], with DGKs { and
o being expressed in alveolar type II cells
[Katagiri et al., 2005]. DGKs are also highly
expressed in muscle, with DGKs 6 and
expressed in striated muscle and DGKs B and
¢ being expressed in cardiac muscle [Topham
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and Prescott, 1999; Abramovici et al., 2003].
Finally, DGKs are also highly expressed in the
spleen (a, C, 8, m), thymus (o, {) and various
cultured white blood cells (o, 3, ) [Klauck et al.,
1996; Topham and Prescott, 1999; Sakane et al.,
2002; Zhong et al., 2003]. It isinteresting to note
that several DGKs can be expressed in the same
tissue and even in the same cell. Further, co-
expressed DGKs are usually from different
subfamilies, strongly suggesting that each
DGK subfamily has a specific function.

REGULATION OF DGK ACTIVITY

Although this has not been conclusively
demonstrated, DGKs are believed to be quies-
cent until their activity is required. This is
achieved by coordinating their access to DAG
with other activating events such as phosphor-
ylations and binding to cofactors. This idea was
initially tested by Van der Bend et al. [1994],
who assayed DGK activity after either receptor
activation—which caused spatially restricted
DAG synthesis—or following treatment of
cells with exogenous phospholipase C—which
caused global DAG synthesis. They observed
DGK activity following receptor activation but
did not detect significant activity after treating
the cells with exogenous phospholipase C. Their
data suggested that DGKs are active only in
spatially restricted compartments following
physiologic generation of DAG.

DGKsgain accessto DAGby translocatingtoa
membrane compartments where DAG is gener-
ated, and then their activity is further modified
by phosphorylations and by binding to cofactors
and other proteins. This complexity permits
tissue- or cell-specific regulation of each DGK
isotype, depending on the availability of cofac-
tors and the type of stimulus that the cell
receives. DGKa is one of the better-studied
mammalian DGKs and is a good example of the
complex regulation of DGKs. It translocates to
at least two different membrane compartments
in T-lymphocytes depending upon the agonist
used to activate the cells: with IL-2, DGKx
translocates from the cytosol to a perinuclear
region [Flores et al., 1996], while activation of
the T-cell antigen receptor causes DGKa to
translocate to the plasma membrane [Sanjuan
et al., 2001]. The activity of DGKo can be
modified by the availability of several cofactors.
Calcium is known to bind to EF hand motifs and
to stimulate DAG kinase activity in vitro

[Yamadaet al., 1997]. Amutant DGKoa in which
the EF hands were deleted was about three
times more active in vitro than full-length
DGKa [Sakane et al., 1996b; Sanjuan et al.,
2001], suggesting that the deleted region inhib-
ited the activity of DGKa and this inhibition was
relieved when the EF hands bound calcium. The
deleted region also appeared to limit translo-
cation of DGKo, because its deletion caused
the protein to constitutively associate with
the plasma membrane [Sanjuan et al., 2001].
Membrane lipids also modify its activity: phos-
phatidylserine and sphingosine activate DGKo
in vitro and likely in vivo [Sakane et al., 1989;
Yamada and Sakane, 1993]. And DGKa can be
phosphorylated by several protein kinases, in-
cluding some PKC isoforms [Kanoh and Ono,
1986; Schaap et al., 1993], and Src [Cutrupi
et al., 2000]. Evidence suggests that phosphor-
ylation by Src enhances DAG kinase activity
[Cutrupi et al., 2000]. Thus, depending on the
context, the activity of DGKa can be modified in
a number of ways, and different combinations
might lead to different outcomes.

Like DGKa, other DGK isotypes appear to be
regulated by the availability of lipid or protein
co-factors, phosphorylations, and by controlling
their access to DAG. Members of each DGK
subfamily appear to be similarly regulated. But
there are subtle differences between subfamily
members such as tissue-specific expression
patterns, unique binding partners, alternative
splicing, and subcellular localization that affect
when and where they are active. For example,
type I DGKs have a PH domain, a motif that in
DGKS was able to bind to PIs [Takeuchi et al.,
1997]. Their binding, however, was relative
weak, and others have failed to demonstrate PI
binding [Sakane et al., 1996a], suggesting that
these domains might not bind lipids in vivo. In
addition to a PH domain, type Il DGKs also have
SAMs at their carboxy-termini that might
mediate homo- and hetero-oligomerization of
type II DGKs [Murakami et al., 2003]. Oligo-
merizing does not appear to affect their activity
[Murakami et al., 2003], but might affect
subcellular localization. Finally, DGKS is phos-
phorylated on serines in the PH domain by
conventional PKCs and this reduces its translo-
cation to the plasma membrane [Imai et al.,
2004]. The activity of types III and IV DGKs can
be modified by lipids, sometimes in opposing
ways. DGKe is inhibited by PIs and by phos-
phatidylserine, whereas type IV DGKs are
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activated by phosphatidylserine [Thirugnan-
nam et al., 2001]. Type IV DGKs are also
strongly regulated by subcellular translocation.
These enzymes have a nuclear localization
signal similar to the phosphorylation site
domain of MARCKS. This domain in the DGKs
is phosphorylated by conventional PKCs, which
inhibits their nuclear import [Ding et al., 1998;
Topham et al., 1998]. The syntrophin family of
scaffolding proteins also regulates the subcel-
lular location of DGKC{ by associating with the
DGKC carboxy-terminal PDZ binding domain to
sequester DGKC in the cytoplasm [Hogan et al.,
2001]. And we have also observed that DGK(
has a strong nuclear export signal (unpub-
lished). Thus, nuclear accumulation of type IV
DGKs is exquisitely regulated, suggesting an
important nuclear function for these isozymes.
Finally, DGK®9, a type V DGK, can be regulated
in two ways. First, its translocation to the
plasma membrane appears to be induced when
PKCs ¢ or m phosphorylate it [van Baal et al.,
2005]. And, second, the activity of DGK6 can be
regulated through its association with active
RhoA [Houssa et al., 1999]. Binding to RhoA
completely inhibits DGK6 kinase activity and
is the only known example of direct regulation
of DGK activity through a protein—protein
interaction.

DGK INHIBITORS

There are two compounds, R59022 and
R59949, that inhibit DGK activity in vitro and
in vivo. These have been used extensively to
examine the consequences of DGK inhibition,
but the compounds are poorly characterized
with respect to their selectivity for different
DGK isoforms and other proteins. Another
caveat to consider when these compounds are
used in cultured cells is that they are variably
inactivated by serum. In the most rigorous
study of these inhibitors, Jiang et al. [2000]
found that they were relatively selective for type
I DGKs, but did not examine all DGK isotypes.
They noted that the R59949 likely inhibited
DGKua by binding its catalytic domain. Thus,
inhibitors are available, but they have not been
characterized in great detail.

ACTIVITY OF DGK ISOTYPES IS RESTRICTED
TO SPECIFIC CELL COMPARTMENTS

The overlapping distribution of the DGKs
suggests that each DGK isotype has a distinct

tissue- or cell-specific role. We are only begin-
ning to understand the complexities of spatially
restricted DGK function. Most work has focused
on the subcellular locations where DGKs are
active. Several DGKs localize to the cytoskele-
ton. Indirect evidence suggests that they may
participate in regulating cytoskeleton dyna-
mics. This is not surprising because lipid
mediators are known to bind to numerous pro-
teins that associate with the cytoskeleton and
dramatically affect their activities. For ex-
ample, phosphatidylinositol-4,5-bisphosphate
(PIP3) binds to actin capping proteins, which
then dissociate from the actin complex, allowing
rapid polymerization to occur [Hartwig et al.,
1999]. PI 5-kinases generate PIP, and, as
expected, their overexpression induces abnor-
mally active actin polymerization [Shibasaki
et al., 1997; Ishihara et al., 1998]. Interestingly,
PA activates PI 5-kinases 8-14-fold [Jenkins
et al., 1994; Ishihara et al., 1998]. As such, it
would not be surprising if by generating PA,
DGKs could regulate actin polymerization.
Although evidence suggests that it is the PLDs
that associate with and activate PI 5-kinases by
generating PA [Divecha et al.,, 2000; Honda
et al., 2000], we demonstrated that DGKZ co-
localized and co-immunoprecipitated with PI
5-kinase type Io and enhanced its activity by
generating PA [Luo et al., 2004a]. Consistent
with this, Tolias et al. [1998] found that DGK
activity was associated with a complex of
proteins that included a PI 5-kinase, Rac, Rho,
Cdc42, and Rho-GDI. And Yakubchyk et al.
[2005] found that DGKC co-localized and co-
immunoprecipitated with Rac and cooperated
with it to induce neurite formation in N1E-115
cells.

Houssa et al. [1999] provided further support
for a role for DGKs in cytoskeleton dynamics by
showing that RhoA associated with DGK6, but
only when RhoA was in its active form. It
appeared to bind the catalytic domain of DGKO,
which potentially disrupts DAG kinase activity.
But the physiologic significance of this inter-
action has not been clearly defined. We have
observed that several DGK isotypes co-immu-
noprecipitate with Rho family proteins when
overexpressed in cells (unpublished). The phy-
siologic significance of these interactions is not
clear, though together, these data suggest that
DGKslikely have a prominent role in regulating
the cytoskeleton. In a functional study using
human platelets, the DGK inhibitor, R59022,
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augmented secretion and aggregation [Nunn
and Watson, 1987], demonstrating the impor-
tance of DGK activity for normal cytoskeleton
responses. Their importance in platelets is not
surprising because changes in the platelet
cytoskeleton are partly mediated by DAG,
which rapidly accumulates in platelets treated
with thrombin. Work by Bishop and Bell [1986]
demonstrated that platelet DGKs are primarily
responsible for metabolizing DAG, attenuating
downstream signaling and allowing a return
to the basal state. But, while their activity in
platelets is crucial, no one has conclusively
identified which DGK isoforms are present—
there are at least three isoforms [Yada et al.,
1990]—or rigorously examined their roles.
Together, these observations indicate that
DGKs are intimately involved cytoskeleton
dynamics, but with a few exceptions, the specific
functions of DGK isoforms have not been
rigorously studied.

In addition to the cytoskeleton, DGKs also
appear to prominently function in the nucleus,
where there is a PI cycle that is regulated
separately from its extranuclear counterpart
[Divecha et al., 1993]. DAG produced in the
nucleus appears to function separately from
extranuclear DAG. For example, some growth
factors (e.g., IGF-1) can stimulate transient
accumulation of nuclear DAG without causing
a measurable change in extranuclear DAG
[Leach et al., 1992; Divecha et al., 1993], and
several groups have demonstrated that nuclear
DAG fluctuates independently of extranuclear
DAG during the cell cycle [Banfic et al., 1993;
Cocco et al., 1996; Jackowski, 1996]. Its nuclear
signaling function has received little attention,
but data clearly indicate that in most cases DAG
acts to promote cell growth. For example,
several groups have demonstrated that nuclear
DAG peaks shortly before S phase, suggesting
that it may participate in the G;/S transition
[Irvine, 2000]. Supporting this conclusion and
emphasizing the importance of nuclear DAG
signaling, we demonstrated that overexpressed
DGKC caused cells to accumulate at the Go/Gy
transition. The effect required both DGK acti-
vity and a functional nuclear import signal,
suggesting that the effect was caused when
DGKZ metabolized nuclear DAG [Topham et al.,
1998].

Within the nucleus, DAG signaling, like its
extranuclear counterpart, appears to be com-
partmentalized. And it appears that DAG

signaling is not confined to the nuclear envel-
ope, as one would expect, but also occurs at
distinct locations within the body of the nucleus
[Vann et al., 1997; Boronenkov et al., 1998;
Irvine, 2000]. This is not surprising because
lipid metabolizing enzymes and DAG signaling
have been detected in nuclei stripped of their
envelopes [Vann et al., 1997], and immuno-
fluorescence has demonstrated the presence of
discrete collections of lipid-modifying enzymes
such as PI-kinases within the body of the
nucleus [Boronenkov et al., 1998]. And there
appear to be numerous pools of nuclear DAG
with distinct fatty acid components. For exam-
ple, in cells induced to differentiate, nuclear
DAG with saturated fatty acids decreased while
the concentration of unsaturated DAG did not
change. And during the cell cycle, the concen-
tration of unsaturated DAG fluctuated while
the concentration of saturated DAG did not
[D’Santos et al., 1999]. These data strongly
suggest the existence of multiple, differentially
regulated pools of nuclear DAG. While these
data indicate that nuclear DAG signaling is
precisely and locally regulated, the targets of
this signaling remain unclear. Evidence
suggests that PKC isoforms that translocate
to the nucleus are activated by DAG, but other
as yet unidentified targets are also likely to
exist.

Nuclear DGKs appear to have prominent and
specific roles. DGKs a, {, and 1, translocate to
the nucleus, while a fraction of cellular DGKG6 is
constitutively nuclear [van Blitterswijk and
Houssa, 2000]. And different DGK subtypes
are confined to specific, separate compartments
within the nucleus. For example, DGKa associ-
ates with the nuclear envelope [Flores et al.,
1996], while DGKs 6 and { are found in multiple
regions in the body of the nucleus [van Blitters-
wijk and Houssa, 2000]. Movement of proteins
in the nucleus largely occurs by random diffu-
sion making it likely that experimental over-
expression of DGK isotypes in the nucleus
permits them to nonspecifically interfere with
the function of other endogenous DGKs. This
fact, combined with the lack of isotype-specific
DGK inhibitors, has made it difficult to experi-
mentally determine the specific nuclear func-
tion of the different DGK isotypes. But it
appears that DGKs affect nuclear signaling
either by terminating DAG signals or by gen-
erating PA. For example, in T-lymphocytes, PA
produced by nuclear DGKao appeared to be
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necessary for IL-2-mediated progression to S
phase of the cell cycle [Flores et al., 1996].
Conversely, as noted above, nuclear DGK(
inhibited progression from G; to S phase of the
cell cycle, likely by metabolizing DAG [Topham
et al., 1998]. And nuclear DGKO appeared to
metabolize nuclear DAG induced by thrombin
[Bregoli et al., 2001] and nerve growth factor
[Tabellini et al., 2004]. These data suggest
unique roles for nuclear DGKs «, {, and 6
indicating both the complexity and importance
of lipid signaling and DGK function in the
nucleus.

DGKs CAN REGULATE DAG SIGNALING BY
BINDING SPECIFIC PROTEIN PARTNERS

In addition to acting locally at sites of DAG
pools, in some cases, DGKs achieve specificity
by associating with and inhibiting proteins
activated by DAG. For example, we demon-
strated that DGKC associated with RasGRP1, a
guanyl nucleotide-exchange factor for Ras [Top-
ham and Prescott, 2001]. RasGRP1 requires
DAG in order to activate Ras, and we found that
DGK( regulated the function of RasGRP1 by
locally metabolizing DAG. DAG kinase activity
was required for the inhibition because a
kinase-dead DGKC that could still associate
with RasGRP1, no longer reduced its activity.
And this regulation was selective: five other
DGK isotypes did not significantly inhibit
RasGRP1 activity. Moreover, phorbol esters
(DAG analogs) enhanced the association of
DGK({ with RasGRP1, suggesting that genera-
tion of DAG caused DGKC to bind to a signaling
complex containing RasGRP1. DGKa, a type 1
DGK, also appeared to inhibit the activity of
RasGRP1 by a similar mechanism [Jones et al.,
2002; Sanjuan et al., 2003]. And suggesting that
DGKs commonly bind DAG-activated proteins
to inhibit their activity, DGK( also associated
with and inhibited PKCa [Luo et al., 2003],
while DGKut bound and inhibited RasGRP3
[Regier et al., 2005]. Combined, these data de-
monstrate that DGK activity is not only target-
ed at sites of DAG production, but is also
specifically directed toward a subset of DAG-
activated proteins.

In addition to inhibiting proteins activated by
diacylglycerol, DGKs also bind to proteins
whose activity is modulated by PA. For exam-
ple, we demonstrated that DGK( associated
with and activated PI 5-kinase type Io [Luo

et al., 2004a], and Avila-Flores et al. [2005]
found that DGKZ could also bind and activate
the mammalian target of rapamycin (mTOR).
As noted above, PA modulates the activity of
several protein targets in addition to mMTOR and
PI 5-kinases, indicating that DGKs might
regulate other proteins that bind PA.

MODEL ORGANISMS DEMONSTRATING
PHYSIOLOGICAL ROLES OF DGKs

It is clear that DGKs bind and regulate a
number of proteins, suggesting that they have
important physiological roles in vivo. Several
groups have begun examining their functions
using a variety of model systems. For example,
in Caenorhabditis elegans, Nurrish et al. [1999]
isolated a strain resistant to serotonin-induced
inhibition of locomotion. The mutated gene
responsible for the effect, dgk-1, was homolo-
gous to DGKO. Their data and observations by
Miller et al. [1999] suggested that serotonin
signaling negatively regulated synaptic trans-
mission, in part, through DGK-1, which reduced
DAG at motor neuron nerve terminals. The
DAG would have otherwise recruited UNC-13, a
protein that is crucial for acetylcholine release
and consequent locomotion.

By deleting a portion of the gene encoding
DGKe, Rodriquez de Turco et al. [2001] demon-
strated that this DGK was necessary to main-
tain proper PI signaling. DGKe selectively
phosphorylates DAG with an arachidonate in
the sn-2 position and is the only DGK that
prefers to phosphorylate a specific type of DAG.
The DGK reaction is the first step in the
resynthesis of Pls from signaling DAG. And
inositol phospholipids, including the DAG pre-
cursor PIP,, are enriched with arachidonate at
the sn-2 position [Prescott and Majerus, 1981].
By selectively phosphorylating unsaturated
DAG, DGKe is a prime candidate responsible
for enriching PIs with unsaturated fatty acids.
Compared to DAG with saturated fatty acids,
DAG containing unsaturated fatty acids—like
arachidonate—more potently activates some
signaling proteins, including the PKCs [Hodg-
kin et al., 1998]. So to maintain the integrity of
certain DAG-activated signaling cascades, it is
important that PIs have the proper fatty acid
composition. Demonstrating its importance in
maintaining proper phosphatidylinositol fatty
acid composition, brains from DGKze-deficient
mice had reduced levels of arachidonate in both
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PIP; and DAG, compared to wild type mice. To
examine the consequences of this change,
seizures were induced in the mice using electro-
convulsive shock. DGKe-deficient mice had
significantly shorter seizures and recovered
from the seizures much faster than wild type
mice [Rodriquez de Turco et al., 2001]. Their
resistance to seizures was presumably caused
by altered phosphatidylinositol signaling,
demonstrating a critical role for DGKe in
maintaining a proper balance of arachidonate-
enriched inositol phospholipids.

Zhong et al. deleted the gene encoding DGK{
in mice to examine its role in lymphocyte
signaling. As noted above, we had demonstrated
that this DGK attenuated Ras signaling by
inhibiting RasGRP1. This RasGRP links T-cell
receptor signaling to Ras, so Zhong et al. [2003]
tested Ras signaling in splenic T-cells and
thymocytes. They demonstrated augmented
and prolonged signaling in the cells, indicating
that DGK( negatively regulates T-cell receptor
signaling. Combined with our work [Topham
and Prescott, 2001], it appears to do so by
inhibiting the function of RasGRP1.

Inhibition of RasGRPs appears to be a com-
mon theme for type IV DGKs. We found that
DGKu associated with RasGRP3 and inhibited
its activity [Regier et al., 2005]. RasGRP3 can
activate either Ras or Rap proteins, and in cell
culture experiments we found that DGKu
selectively inhibited its activation of Rap. To
examine the physiological consequences of this
inhibition, we deleted the gene encoding DGK1
in mice. Consistent with our cell culture experi-
ments, we found more active Rap in DGK1 null
cells. Both Ras and Rap can bind to Raf, but in
doing so, they cause different signaling out-
comes. Whereas Ras activates Raf, Rap forms
nonproductive complexes with Raf that then
interfere with Ras signaling. We hypothesized
that the increased active Rap in the mice would
interfere with Ras signaling. To examine this,
we crossed the DGKt knockout mice with mice
carrying a Ras transgene making them prone
to develop skin tumors. Consistent with our
hypothesis, we found that DGKt null mice had
significantly fewer skin tumors. We also tested
whether DGKSs 1 or { regulated other RasGRPs
and found the DGK( inhibited RasGRP3 and
RasGRP4 [Regier et al., 2005]. Its inhibition of
RasGRP3 appeared to predominantly affect Ras
signaling, having the opposite effects compared
to DGKt. Thus, type IVDGKSs appear to regulate

RasGRP proteins, but the inhibition has differ-
ent physiological outcomes depending on the
RasGRP and DGK.

Although no one has studied the function of
DGKa by manipulating the gene in a model
organism, several studies indicate that this
DGK has a prominent role in lymphocyte func-
tion. Using cultured lymphocytes, Sanjuan et al.
[2001] demonstrated the DGKa translocated to
the plasma membrane upon activation of the
T-cell receptor. They subsequently found evi-
dence that this DGK attenuated Ras activation
when overexpressed in the cells [Sanjuan et al.,
2003]. And using DGK inhibitors, Outram et al.
[2002] observed that DGKoa might promote
survival of developing T-cell subsets. Finally,
DGKua appeared to regulate secretion of lethal
exosomes from T-cells [Alonso et al., 2005]. In
addition to its role in lymphocytes, DGKa also
appeared to be necessary for both vascular
endothelial growth factor [Baldanzi et al.,
2004] and hepatocyte growth factor [Cutrupi
et al., 2000] signaling and it might function
downstream of an anaplastic lymphoma kinase
fusion protein commonly found in anaplastic
large cell lymphomas [Bacchiocchi et al., 2005].
One must interpret these studies with caution,
however, because many of experiments used
overexpression of DGKa or the poorly charac-
terized DGK inhibitors. Thus, we await con-
firmation of its physiological role in a model
organism.

CONCLUSIONS

DGKs can influence many signaling path-
ways because both the substrate and product
of the DGK reaction have signaling properties.
There are nine mammalian DGKs and evi-
dence suggests that each of them selectively
regulates a subset of DAG or PA signaling
events. In general, DGKs are regulated by
access to DAG and by binding to appropriate
cofactors or proteins. These regulatory mechan-
isms combine to spatially and temporally
restrict their activity in cells. Furthermore,
some DGKs regulate specific proteins by bind-
ing to them and influencing local DAG or
PA accumulation. Although the physiological
roles of DGKs are not known in great
detail, studies in model organisms have de-
monstrated that DGKs influence neuronal
transmission, lymphocyte signaling, and Ras-
induced tumorigenesis.
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