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The functional properties of four diacylglycerol (DAG) analogues were compared using cell-
signaling assays based on the protein RasGRP1, a DAG-regulated Ras activator. Compounds
1 and 2, synthetic analogues of bryostatin 1, were compared to authentic bryostatin 1 and
phorbol 12-myristate-13-acetate (PMA). The two “bryologues” were able to activate RasGRP1
signaling rapidly in cultured cells and isolated mouse thymocytes. They elicited expression of
the T cell activation marker CD69 in human T cells. DAG analogues promptly recruited
RasGRP1 to cell membranes, but they did not induce RasGRP1 proteolysis. Bryostatin 1 and
compounds 1 and 2 appeared to be less potent than PMA at inducing aggregation of mouse
thymocytes, a PKC-dependent, RasGRP1-independent response. In addition to sharing potential
anticancer properties with bryostatin 1, compounds 1 and 2 might be clinically useful as
modulators of the immune system.

The bryostatins are promising anticancer compounds
isolated from the bryozoan Bugula neritina.1 They were
isolated on the basis of their potent growth inhibitory
properties when tested in cultured cancer cells and were
subsequently shown to bind and activate protein kinase
C (PKC).2 Although the bryostatins and the tumor
promoting phorbol esters bind competitively to the
diacylglycerol-binding sites within the C1 domain of
PKC, the bryostatins lack the tumor-promoting proper-
ties of the phorbol esters.3 The bryostatins are structur-
ally complex macrocyclic lactones, and their availability
both from natural sources and from chemical synthesis
is severely limited. Recently, we reported the synthesis
of two bryostatin analogues, designated as compounds
1 and 2, that demonstrated comparable or improved in
vitro binding to PKC and cell growth inhibitory proper-
ties relative to bryostatin 14,5 (Figure 1A).

In normal cells, receptor-mediated hydrolysis of phos-
phatidyl inositol bis-phosphate generates diacylglycerol
(DAG) and calcium second messengers. Binding of DAG
to the C1 domains of conventional (PKC R, â, or γ) or
novel (PKC δ or θ) isoforms of PKC is thought to activate
these enzymes. Only the former class is sensitive to
calcium activation. DAG activation of PKC involves
recruitment to cellular membranes as well as allosteric
mechanisms.6 Phosphorylation of diverse downstream
targets by PKC and attendant changes in cellular
properties then ensues. The process can be attenuated
by the activity of DAG-metabolizing enzymes and
protein phosphatases. Additionally, after long-term
stimulation of cells by DAG analogues, PKC undergoes
proteolytic degradation by an ubiquitin-dependent mech-
anism. It is not clear whether the persistent activation
or the subsequent downregulation of PKC isoforms is

responsible for the PKC-dependent effects of DAG
analogues, and both effects might be required for some
of the observed activities.

Over the past few years, several non-PKC classes of
proteins that contain DAG-binding C1 domains have
been discovered. The properties of these proteins have
necessitated a revision of our view of both the normal
DAG signaling and the actions of DAG analogues. One
such protein, RasGRP1 (Figure 1B), possesses a DAG-
binding C1 domain in addition to a catalytic domain that
activates Ras at the membrane.7 Unlike the ubiqui-
tously expressed SOS proteins, RasGRP proteins exhibit
very limited tissue expression. RasGRP1 is expressed
in the T cell lineage, as well as some brain neurons, and
select cells in the kidney and skin.7-14 Our analysis of
RasGRP1 function in the cultured Jurkat T cell line and
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Figure 1. Schematic structures of DAG analogues and
representative C1 domain proteins. (A) bryostatin 1, 1, and 2.
(B) PKC R domains include: PS (pseudosubstrate), C1a and
C1b (DAG binding), C2 (phospholipid and calcium binding),
and kinase (catalytic). RasGRP1 domains include: REM (Ras-
exchange motif), RasGEF (Ras-guanyl-exchange factor), EF
(calcium-binding EF hands), and C1 (DAG binding).
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in knockout mutant mice revealed that this protein
plays a critical role in transducing T cell receptor (TCR)
signals.15,8 Importantly, the C1 domain of RasGRP binds
DAG analogues such as phorbol 12,13-dibutyrate and
bryostatin 1 in vitro.16 In the cell, the interaction of the
RasGRP1 C1 domain with DAG and DAG analogues
recruits this nucleotide-exchange factor to cellular
membranes, where it can activate Ras by facilitating
conversion of Ras-GDP to Ras-GTP.7,17,8

Because RasGRP1 is a likely target for bryostatin 1
in a clinical situation and the bryologues are likely
candidates to replace natural bryostatins, we examined
the potency of analogues 1 and 2 in RasGRP1 signaling
assays.

Materials and Methods
Chemicals. Bryostatin 1 was a gift from Peter

Blumberg, National Institutes of Health. Phorbol 12-
myristate-13-acetate (PMA) was purchased from Sigma
Aldrich (St. Louis, MO). Analogues 1 and 2 were
synthesized as described.4,5 All four DAG analogues
were dissolved in dimethyl sulfoxide (DMSO) at 10 µM,
and this solvent alone was used as a negative control
treatment. The Mek inhibitor U0126 was purchased
from Cell Signaling (Beverly, MA) and was used at a
final concentration of 10 µM. Bisindolylmaleimide I was
purchased from Calbiochem (San Diego, CA) and was
used at a concentration of 4.5 µM.

Cells and Gene Transfer. Rat2 fibroblasts and
HEK-293 cells were maintained in Dulbecco’s modified
eagle medium (DMEM) containing 10% fetal bovine
serum. Rat2 cells were engineered to express the
retrovirus vector pBabePuro with or without the human
RasGRP1 cDNA, as previously described.7 The Jurkat
T cell line and the mouse T cell hybridoma A1.1 were
maintained in Roswell Park Memorial Institute (RPMI)
cell culture media containing 10% fetal bovine serum,
as previously described.8 Mouse thymocytes were iso-
lated in RPMI 1640 containing 10% fetal bovine serum,
as previously described.15 Peripheral blood lymphocytes
were isolated from the blood of a healthy volunteer using
Ficoll-hypaque gradient centrifugation (171440-02 from
Amersham Biosciences Inc., Baie d’Urfe, Quebec).

Signaling and Protein Expression Assays. Ras-
GTP assays were performed using the Ras binding
domain (RBD) pulldown assay, as we have described.8
Immunoblotting was performed for Ras with the pan-
Ras clone 10 antibody from Upstate Biotechnology (Lake
Placid, NY), phospho-Erk p44/p42 (9101 from Cell
Signaling, Beverly, MA), and RasGRP1 m199 (sc-8430
from Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
as we have described.15,18

Fluorescence-Activated Cell Sorting (FACS)
Analysis of Lymphocyte Surface Marker Expres-
sion. Jurkat T cells or freshly isolated peripheral blood
lymphocytes were incubated overnight in RPMI con-
taining DMSO or 100 nM DAG analogue. After fixation
in 2% paraformaldehyde, cells were stained with phy-
coerythrin (PE)-labeled anti-CD69 (555531), FITC-
labeled anti-CD4 (555346), and PE-labeled anti-CD8
(555367), all from BD Biosciences (Mississauga, ON).
Fluorescence was detected using Cellquest software, as
we have described.15

Intracellular Imaging of RasGRP1. HEK-293 cells
were plated overnight on glass cover slips and then

transfected with 5 µg of pEF-GFP or pEF-GFP-Ras-
GRP1. After 48 h of incubation, cells were treated with
DMSO or 100 nM DAG analogue followed by incubation
at 37 °C for 10 min. After fixation in 4% paraformal-
dehyde, cells were mounted in Cytoseal-60 from Richard-
Allan Scientific (Kalamazoo, MI). Fluorescent images
were taken with a Zeiss 510 inverted laser scanning
confocal microscope (LSM; Carl Zeiss, Oberkochen,
Germany). A minimum of five 0.45 µm slices were
acquired for each cell. Tiff images were processed with
Adobe Photoshop 7.0.

Thymocyte Aggregation Assay. Mouse thymocytes
at a concentration of 3.5 × 106 cells per mL were
incubated at 37 °C in RPMI containing 10% fetal bovine
serum and various concentrations of DAG analogue with
or without inhibitors. Aggregates were photographed
after 8 h of incubation.

Results
Bryologues Activate Ras-Erk Signaling in Mam-

malian Cells but Do Not Promote RasGRP1 Break-
down. To determine whether bryologues can activate
RasGRP1, we studied rat2 cells that were engineered
to express the human RasGRP1 cDNA. As controls, we
studied cells that expressed the empty vector. Rat2 cells
do not exhibit Ras activation in response to DAG
analogue treatment, although they do show some acti-
vation of Erk. This latter process may reflect a PKC-
dependent activation of Raf that depends on low basal
Ras-GTP levels.19 As expected, treatment of empty
vector cells resulted in no accumulation of Ras-GTP
after treatment with solvent, PMA, bryostatin 1, ana-
logue 1, or analogue 2. In contrast, all four DAG
analogues induced a rapid increase in Ras-GTP levels
and a more robust phosphorylation of Erk in Rat2 cells
expressing RasGRP1 (Figure 2A).

To examine the action of DAG analogues in cells that
normally express RasGRP1, we studied Jurkat T cells
and mouse thymocytes. We previously demonstrated
that overexpression of RasGRP1 in Jurkat T cells
resulted in enhanced TCR- and PMA-induced Ras-Erk
signaling. Such signaling was associated with translo-
cation of RasGRP1 to the membrane fraction.8 The
present studies show that Jurkat T cells respond
similarly to each of the DAG analogues at the level of
Ras-GTP accumulation and Erk phosphorylation (Fig-
ure 2B). A lower level of Ras activation was observed
after treatment with OKT3. This antibody recognizes a
component of the T cell receptor complex leading to
activation of phospholipase C and subsequent DAG
production in the plasma membrane.

We previously showed that wild-type mouse thy-
mocytes express RasGRP1 and that PMA and bryostatin
1 induced activation of Ras and Erk. These responses
were absent in thymocytes from RasGRP1 null mutant
mice.15 As expected, all four analogues activated Erk
in wild-type thymocytes but not in mutant thymocytes
(Figure 2C). Each compound was active in wildtype cells
at 100 nM, but activity at 10 nM and 1 nM was
negligible (Figure 2D). Collectively these studies show
that, in addition to PMA and bryostatin 1, the com-
pounds 1 and 2 can activate RasGRP1.

Prolonged treatment of cells with PMA has been
reported to result in downregulation of conventional
PKC isoforms by proteolysis. In contrast, RasGRP1 was
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shown to be stable under these conditions.18 Like other
T cell lines, the A1.1 T cell hybridoma constitutively
expresses RasGRP1. We treated A1.1 cells with DAG
analogues for 15 min and for 18 h, followed by examina-
tion of RasGRP1 expression levels by immunoblotting.
As controls, we treated cells with solvent. RasGRP1
levels were unaffected by prolonged DAG analogue
treatment (Figure 2E). These conditions do not appear
to induce proteolysis of RasGRP1.

Bryologues Induce Translocation of RasGRP1
to the Plasma Membrane. RasGRP1 is recruited to
cell membranes both by DAG analogue treatment and
by normal stimulatory mechanisms that generate
DAG.7,17,8,20 To examine the ability of the bryologues to
induce translocation of RasGRP1, we expressed a GFP-
RasGRP1 construct in HEK-293 cells and observed its
localization in response to treatment with DAG ana-
logues. In unstimulated cells, the recombinant protein
was distributed throughout the cytoplasm, with no
particular concentration on membranous structures.
After brief treatment with each of the DAG analogues,
fluorescence signal was concentrated at the cell periph-
ery as well as in the perinuclear region (Figure 3). The
free GFP protein was distributed throughout the cell,
and this distribution was unaffected by DAG treatment

(data not shown). Thus, like PMA and authentic bry-
ostatin 1, the bryologues 1 and 2 appear to bind
RasGRP1 and facilitate its recruitment to cell mem-
branes.

Bryologues Induce Lymphocytes To Express the
Activation Marker CD69. To complement the short-
term signaling studies, we examined the effects of DAG
analogue treatment on expression of the T cell surface
antigen CD69. CD69 is a T cell activation marker that
is induced by TCR engagement as well as by treatment
of T cells by PMA. This response can be mimicked by
introduction of activated forms of either Ras or Raf-
1.21,22 Thus, CD69 induction is a manifestation of
prolonged signaling through the Ras-Raf-Mek-Erk
kinase cascade. As shown in Figure 4A, overnight
treatment of Jurkat T cells with each of the DAG
analogues separately induced strong surface expression
of CD69.

To confirm this result in more normal cells, peripheral
blood lymphocytes (PBL) were prepared and incubated
overnight in the presence of each DAG analogue. These
PBL (Figure 4B) exhibited normal ratios of CD4+ (T
helper lymphocytes), CD8+ (cytotoxic T lymphocytes),
and CD4-CD8- (non-T lymphocytes). Exposure over-
night to each DAG analogue resulted in overt expression

Figure 2. DAG analogues activate RasGRP1 in cultured cells and mouse thymocytes, but do not induce protein downregulation.
(A) Rat2 cells expressing the empty pBabePuro vector or human RasGRP1 were treated for 10 min with DMSO or 100 nM DAG
analogue and then assayed for Ras-GTP, phospho-Erk, or total Ras. The two forms of phospho-Erk represent the activated versions
of the p42 and p44 Erk species. (B) Jurkat T cells were treated and assayed as above. Additionally, one cell sample was treated
with the anti-TCR (CD3) antibody OKT3 (10 µg/mL). (C) Mouse thymocytes were isolated from young wild-type (+) or RasGRP1
knockout mutant (-) mice. After treatment with DMSO or DAG analogues for 10 min, cells were lysed and assayed for phospho-
Erk. (D) Wild-type mouse thymocytes were treated at various concentrations of DAG analogue for 10 min and then lysed and
assayed for phospho-Erk (lanes 1, 2, and 3 represent 100, 10, and 1 nM DAG analogue treatment, respectively). (E) Mouse T cell
hybridoma A1.1 was treated with DAG analogues (100 nM) for 15 min or 18 h and then assayed for RasGRP1 expression using
the m199 antibody.
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of surface CD69. This expression involved both the
CD4+ population and the CD4- population. Independent
experiments with concanavalin-A activated mouse sple-
nocytes confirmed the induction of CD69 surface ex-

pression on both CD4+ and CD8+ lymphocytes by all
four DAG analogues (data not shown).

Bryologues Are Less Effective Than PMA at
Inducing a PKC-Dependent Pathway That Leads
to Thymocyte Aggregation. Thymocytes and lym-
phocytes form multicellular collections or clumps when
they are treated with PMA, and this response is also
often seen with more physiological stimuli. Some leu-
kemia cell lines also form aggregates after DAG ana-
logue treatment. The basis for this homotypic aggrega-
tion appears to be activation of integrin receptors such
as LFA-1 by PKC-induced clustering on the plasma
membrane and binding of LFA-1 to intercelluar adhe-
sion molecule (ICAM) proteins on the surface of other
cells.23

We studied mouse thymocytes to compare the bryo-
logues in an aggregation assay. Because various links
between Ras signaling and cell adhesion receptors have
been posited, we expected that thymocytes from Ras-
GRP1 null mice would be defective at PMA-induced
aggregation. Surprisingly, we found that RasGRP1
deficient thymocytes showed normal PMA-induced ag-
gregation, indicating that a non-RasGRP1 target was
involved (data not shown).

When we examined wild-type thymocytes in detail,
we found that PMA, bryostatin 1, and the two bryo-
logues all induced thymocyte aggregation at 100 nM,
although PMA appeared to be more potent, as judged
by the relative size of the aggregates. The PMA response
was blocked by Bisindolylmaleimide I, Ro 31-8220, and
Gö 6976, three PKC inhibitors but not by U0126, a
specific inhibitor of Mek.24 These results show that
thymocyte aggregation is a PKC-mediated response but
is independent of RasGRP1 and Mek. Interestingly,
when we used lower doses of DAG analogue (25 nM),
we were able to distinguish between PMA, which still
elicited substantial aggregation, and the other DAG
analogues (Figure 5).

Figure 3. DAG analogues induce similar patterns of RasGRP1 membrane recruitment. HEK-293 cells were transfected with a
GFP-RasGRP1 plasmid or a GFP plasmid (not shown). After 48 h, cells were treated with DMSO or DAG analogues at 100 nM
for 10 min and then fixed with paraformaldehyde before analysis by confocal microscopy.

Figure 4. DAG analogue treatment induces expression of the
T cell activation marker CD69. (A) Jurkat T cells were treated
with DMSO or 100 nM DAG analogue overnight and then fixed
in 2% paraformaldehyde and stained with PE-labeled CD69
followed by FACS analysis. (B) Freshly isolated peripheral
blood lymphocytes were incubated overnight with various
treatments and then stained with CD4 and CD69 (bottom six
panels). In the top two panels, unstimulated cells were
analyzed either without staining (left) or stained with anti-
CD4 and anti-CD8 (right) to demonstrate specificity of our
FACS signal and normal PBL profile, respectively.
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Discussion
Conventionally, PKC has been assumed to be the

major physiological target of both DAG and DAG
analogues. However, work in recent years on non-PKC
proteins that contain DAG-binding C1 domains has
changed our view of the normal functions of DAG
signaling and the effects of DAG analogue treatment
in experimental systems.25-28 DAG-binding C1 domains
have been discovered in chimaerins, which regulate the
small GTPase rac and in unc-13 homologues, which
function to regulate vesicle exocytosis. DAG kinase γ,29

an enzyme involved in attenuation of DAG signaling
and protein kinase D, also possesses DAG-binding C1
domains. Thus, DAG responses could involve regulation
of multiple independent signaling events. However, we
also provided evidence that DAG-activated PKC can
phosphorylate RasGRP3, which functions in B cells
downstream of the B cell receptor30,31 Thus, in addition
to distinct DAG regulated pathways, cross talk between
DAG pathways may be used in some cells.

The use of bryostatin 1 as an antitumor agent in
clinical trials emphasizes the need for a more thorough
understanding of DAG signaling systems. In addition
to arresting the growth of certain tumor derived cell
lines, bryostatin has a number of cellular effects that
may be relevant to its potential as an antineoplastic
agent (reviewed in ref 4). These include the ability to
enhance differentiation and apoptosis as well as influ-
ence sensitivity to conventional chemotherapeutic agents
and ionizing radiation. In addition to these cancer cell
intrinsic effects, bryostatin has the ability to activate
tumor-specific lymphocytes.32-35 The clinically observed
dose-limiting toxicity of bryostatin 1 is myalgia, which
may be a reflection of immune stimulation and cytokine
release. At least in T cells, many of the effects of
bryostatin 1 might be better explained in terms of
RasGRP1-dependent, rather than exclusively PKC-
dependent, mechanisms.

The limited availability and cost of natural bryo-
statins, as well as their structural complexity, which

precludes their ready access via chemical synthesis,
motivated our studies aimed at synthesizing simplified
analogues. The bryologues maintain the pharmacophore
associated with C1 binding while incorporating only a
modified spacer domain.4 It was anticipated that the
bryologues would maintain the same functional proper-
ties as bryostatin 1. In the present study, we compared
two promising bryologues to bryostatin 1 in terms of
their action in RasGRP1 signaling assays.

Our Ras and Erk activation assays demonstrate that
both 1 and 2 can activate RasGRP1 in cultured cells.
Ectopic expression of the RasGRP1 cDNA in rat2
fibroblasts is sufficient to endow these cells with the
ability to respond separately to all four DAG analogues.
Furthermore, all four DAG analogues can activate Ras-
ERK signaling in Jurkat T cells, in which we have
extensively characterized an endogenous RasGRP1
signaling function downstream of the TCR. Finally,
wild-type but not RasGRP1 mutant thymocytes activate
Erk in response to DAG analogue treatment. Our long-
term stimulation studies failed to induce RasGRP1
breakdown, similar to previous studies with PMA
treated T cells.18 This may reflect a fundamental dif-
ference between RasGRP1 and PKC family members.
However, PMA-dependent RasGRP1 downregulation in
mouse skin cells has been reported.14

On the basis of our microscopic observations, all four
DAG analogues function, at least in part, by recruiting
RasGRP1 to membranes. The simplest explanation for
our results is that the pharmacophore of each compound
binds directly to the RasGRP1 C1 domain, while the
hydrophobic spacer region partitions into various lipid
bilayers within the cell. We have not ruled out the
possibility that RasGRP1 undergoes allosteric regula-
tion upon DAG analogue binding.

The prevalent expression of RasGRP1 in the T cell
lineage and the abundant genetic evidence that Ras-
GRP1 functions to amplify TCR signaling8,15,36 has
encouraged us to propose that DAG analogues might
find uses in the clinical manipulation of the immune

Figure 5. Homotypic aggregation of mouse thymocytes is preferentially induced by PMA and is a PKC-dependent, Ras-Erk-
independent process. Wild-type mouse thymocytes were incubated for 8 h in the presence of DMSO, 25 nM DAG analogue, and
inhibitors of PKC (Bisindolylmaleimide I) and Mek (U0126), as indicated. Typical PMA-induced aggregates are shown whereas
the largest bryostatin 1- and 2-induced aggregates were selected. Compound 1 behaved like bryostatin 1 and 2 (not shown).
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system. To this end, we examined whether overnight
treatment with the bryologues can elicit the surface
expression of CD69, a marker of T cell activation that
is regulated by Ras-Erk signaling. This issue was
explored with the Jurkat T cell line, with normal human
PBL treated immediately after isolation, and with
mouse splenocytes that had been stimulated to undergo
proliferation for a few days in culture. The four DAG
analogues behaved similarly in all three of these assay
systems.

DAG analogues also activate non-RasGRP1 signaling
systems. Our analysis of homotypic aggregation in
mouse thymocytes showed that this response is insensi-
tive to RasGRP1 genotype and to a Mek inhibitor but
sensitive to three different PKC inhibitors. In this assay,
PMA was clearly more potent that bryostatin and the
bryologues.

In summary, we have shown that two bryologues
behave like bryostatin 1 in a variety of RasGRP1-based
assays. Compounds 1 and 2 may prove useful for
inhibiting tumor cell growth by interacting with various
C1 domain proteins. However, a thorough understand-
ing of DAG analogue action requires a more complete
appreciation of the expression and functional properties
of various C1 domain proteins in different target cells.
The bryologues might also be used to modulate the
immune system by activating RasGRP1 in T cells. The
availability of potent synthetic bryologues provides the
starting point for the development of additional com-
pounds that affect toxicity, bioavailability, or C1 domain
selectivity.
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