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ABSTRACT

The bryostatins, a group of macrocyclic lactones isolated on the basis
of their antineoplastic activity, activate protein kinase C in vitro and
block phorbol ester binding to this enzyme. In some cellular systems,
bryostatins mimic phorbol ester action. In other systems, however, the
bryostatins display only marginal agonistic action and, instead, inhibit
phorbol ester-induced responses. At least in primary mouse epidermal
cells, a transient duration of action of bryostatin 1 could rationalize these
differences. To determine whether this model of transient activation could
explain the dual actions of bryostatin 1 in other cell systems, we have
examined the effects of bryostatin 1 on short-term responses in C3H
101 '3 mouse fibroblasts. Even at very short exposures (30 min), bryos
tatin 1 blocked phorbol ester-induced arachidonic acid metabolite release
and induced only minimal release when assayed alone. In contrast,
epidermal growth factor binding was markedly and rapidly decreased in
bryostatin I-treated C3H Kll ' 2 cells, and this decrease showed only

limited reversal 16 h after initial exposure. Bryostatins 2, 3, 4, 10, and
several of their derivatives caused variable arachidonic acid metabolite
release (10 to 60% of phorbol ester control) and correspondingly variable
inhibition of phorbol ester action. Our findings on arachidonic acid
metabolite release argue against transient activation of the protein kinase
C pathway as the sole explanation of bryostatin 1 action. They indicate,
moreover, differences in the structure-activity relations of the bryostatins
for the phorbol ester-mimetic and phorbol ester-inhibitory actions.

INTRODUCTION

Phorbol ester tumor promoters bind to and activate the
calcium- and phospholipid-dependent protein kinase, protein
kinase C (1). The bryostatins are a group of macrocyclic lac-

tones which also activate protein kinase C in vitro (T). They
were isolated from marine bryozoans (3-5) on the basis of

antineoplastic activity on the murine leukemic cell lines
P388DlandL1210(6).

Although the bryostatins are structurally dissimilar from the
phorbol esters, bryostatin 1 mimics certain phorbol ester-in
duced biological responses. The phorbol ester-like actions of
bryostatin 1 include activation of human polymorphonuclear
leukocytes (7), induction of mitogenesis in density-arrested

Swiss 3T3 cells (8), and aggregation of human platelets and
phosphorylation of specific platelet proteins (9). In addition,
bryostatin 1 has been shown to activate partially purified pro-
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tein kinase C in vitro and block the binding of [3H]PDBu4 to its
receptor in intact cells (2, 7-10).

In various other systems, however, bryostatin 1 was found to
inhibit certain phorbol ester actions. Bryostatin 1 either par
tially (11) or entirely (2) failed to induce macrophage-like
differentiation of HL-60 cells and correspondingly blocked
phorbol ester-induced differentiation in these cells. In GH4C~5

rat pituitary cells, bryostatin 1 was only a partial agonist for
prolactin synthesis and partially inhibited phorbol ester induc
tion of synthesis (10). In hexamethylene bisacetamide-treated
Friend erythroleukemia cells, bryostatin 1 blocked phorbol
ester-induced inhibition of differentiation (12). In mouse kera-
tinocytes, bryostatin 1 treatment induced ornithine decarbox-
ylase, a marker of proliferation, albeit not to the same level as
induced by PDBu (13). In contrast, bryostatin 1 did not induce
transglutaminase activity or cornified envelope production,
markers of the differentiative pathway. Because of the postu
lated role of induction of differentiation in tumor promotion,
these findings suggested that bryostatin 1 could be an inhibitor
of phorbol ester promotion. Hennings et ai. (14) have confirmed
this prediction.

Cell-cell communication studies in mouse keratinocytes em
phasized the role of incubation time in the nature of the
response to bryostatin 1 (15). Like PDBu, bryostatin 1 at
nanomolar concentrations markedly inhibited dye-transfer at
short time intervals. Unlike PDBu action, however, bryostatin
1 caused a transient response; by 4 h of incubation with bryos
tatin 1 dye transfer had returned to control levels. Similar
transient effects were observed for inhibition of EGF binding
and for morphological change in these cells. The lack of induc
tion by bryostatin 1 of markers of differentiation could be
rationalized, moreover, since these are relatively late events
following protein kinase C activation.

To determine whether transient protein kinase C activation
followed by inhibition might account for the pattern of bryos
tatin response in other cell systems, we have examined the
effects of several bryostatins on short-term responses in the
murine fibroblast line C3H lOT'A (16). Phorbol ester-induced

arachidonic acid metabolite release and inhibition of EGF
binding have been characterized in these and other cells previ
ously (17-21). Furthermore, a recent study by Tettenbora and
Mueller noted disparate results in phospholipid metabolism
between bryostatin and PMA in HL-60 cells grown in the
presence of 0.5% ethanol (22). PMA dramatically induced the
formation of an unusual phospholipid, phosphoethanol, in HL-
60 cells while bryostatin 1 was only 25% as active. We report
here that, even at very early incubation times, bryostatin 1 was
able to block phorbol ester-induced arachidonic acid release in

4The abbreviations used are: PDBu, phorbol 12,13-dibutyrate; BSA, bovine
serum albumin; DM FM, Dulbecco's modified Eagle's medium; FDW, 50% effec
tive dose; EGF, epidermal growth factor, PBS, Dulbecco's phosphate-buffered
saline (0.2 g KC1-0.2 g KH2POâ€ž-0.1g CaClr-0.1 g MgCl2-6H2O-8 g NaCl-2.16 g
Na2PO4-7H2O/Iiter); PDGF, platelet-derived growth factor, PMA, phorbol 12-
myristale 13-acetate.
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BRYOSTATIN EFFECTS ON C3H 10TW CELLS

the C3H 10T'/2 cells. In contrast, bryostatin 1 markedly and

rapidly decreased EGF binding in these cells, and this decrease
was only slightly reversed 16 h after initial treatment. Our
findings suggest that, at least in C3H lOTVi cells, the actions
of bryostatin 1 cannot be explained solely by transient activation
of the protein kinase C pathway followed by inhibition.

MATERIALS AND METHODS

Chemicals. PDBu (Sigma, St. Louis, MO) was dissolved in ethanol
at a concentration of 10 mg/ml, stored at â€”20'C,and diluted in medium

containing serum for cell treatment. Bryostatins were isolated as pre
viously described (3-5). Bryostatin derivatives were synthesized and
Â«purified as described earlier (23). They were dissolved in ethanol at a
concentration of 2 HIMand stored at â€”20Â°C.All dilutions of bryostatin

were performed in ethanol immediately before treatment of cells. The
final concentration of ethanol in cell cultures never exceeded 0.2%.
PDGF (Collaborative Research, Bedford, MA) was dissolved in me
dium containing serum and stored in small aliquots at -70Â°C.A23187
(Sigma) was stored at -20Â°Cas a 20 mM solution in dimethyl sulfox-

ide:ethanol (1:1, v/v). The final concentration of dimethyl sulfoxide in
treated cell cultures never exceeded 0.05%.

Cell Culture. C3H 10T'/2 clone 8 cells (American Type Culture

Collection; CCL 226) were maintained in DMEM (Gibco, Grand
Island, NY) supplemented with 10% fetal bovine serum (Hyclone,
Logan, UT), 2 mM glutamina, and 100 Mg/ml of gentamicin at 37Â°Cin

a humidified atmosphere of 5% CO2 in air. Cells were subcultured
before reaching confluency and inoculated at a density of 2 x 10s cells
per 75-cm2 flask. Experiments were performed using cells between the

eighth and 25th passages.
Arachidonic Acid Metabolite Release Assay. Cells were inoculated

into 24-well plates at a density of 2 x IO4cells/well in 0.5 ml of DMEM

plus 10% fetal bovine serum. The following day, cultures were labeled
for 18 h with 0.5 nd/m\ of [3H]arachidonic acid (60 to 90 Ci/mmol;

New England Nuclear, Boston, MA). The medium was removed, and
cultures were washed 3 times with medium containing fetal bovine
serum. Cells were treated with various reagents for the indicated times.
Aliquots of supernatant medium were then removed, and radioactivity
was determined using Aquasol scintillation fluid (New England Nu
clear). Approximately 12 to 15% of the total incorporated [3H]arachi-

donic acid was released by cultures treated with 200 nM PDBu for 1 to
2 h, in agreement with earlier observations in cultured fibroblasts (24).
Dose-response data were analyzed by the method of McPherson (25)
to determine UDÂ«>values. Theoretical curves based on these calculated
values were derived from the following relationship (26)

Response â€”maximal response x [agonist]
ED50 + [agonist]

Measurement of Binding of 12SI-Epidermal Growth Factor to Cell
Monolayers. Cells were plated at 3 x 10* per 60-mm dish, and EGF

binding assays were performed as previously described (27, 28). Cul
tures were pretreated with PDBu and/or bryostatins for various times.
They were then washed 3 times with serum-free DMEM, and 3 ml of
binding medium consisting of DMEM with 10 mM AVV-bis(2-hydrox-
yethyl)-2-aminoethane sulfonic acid, 1 mg/ml of BSA, and 0.1 Â¿/Ciof
I25I-EGF (150 to 200 MCi/Mg;New England Nuclear) were added.

Nonspecific binding was determined in the presence of 1 Mg/ml of
nonradioactive EGF (receptor grade; Sigma, St. Louis, MO). Binding
was performed at 37Â°Cfor 1 h. Plates were placed on ice and washed

3 times with ice-cold PBS containing 2 mg/ml of BSA. Cells were lysed
in 0.1 M NaOH, and cell-associated radioactivity was determined by
liquid scintillation counting.

pHJPDBu Binding. Cultures in 35-mm dishes were pretreated with
100 nM bryostatin 1 or with vehicle alone for 30 min at 37Â°C.Control

and pretreated cells were washed with 55% methanol to remove the
bryostatin, and binding assays were performed on triplicate cultures in
medium supplemented with BSA, 1 mg/ml. [3H]PDBu (15.8 Ci/mmol;

New England Nuclear) was added to cells, and cultures were incubated
for 15 min at 37Â°C.For Scatchard analysis, 5 concentrations of [3H]-

PDBu from 2 to 32 nM were chosen. Nonspecific binding was deter
mined in the presence of 5 MMnonradioactive PDBu. Plates were
chilled at 0*C after incubation, and 100 /<!of medium from each well
were counted to determine the concentration of free [3H]PDBu. Each

well was then washed 3 times with ice-cold PBS plus 2 mg/ml of BSA.
Cells were lysed in 0.1 M NaOH, and radioactivity in an aliquot of the
lysate was determined.

RESULTS

Inhibition of PDBu-induced [3H]Arachidonic Acid Metabolite
Release by Bryostatin 1. Treatment of confluent C3H lOT'/i
cell cultures with 200 nM PDBu yielded a time-dependent
release of [3H]arachidonic acid metabolites (Fig. 1). The time
course of [3H]arachidonic acid metabolite release varies in dif

ferent cell systems. In neutrophils, the response is nearly com
plete within seconds after stimulation (29), while in many
fibroblast systems, 20 to 60 min are often required for complete
release (21, 30). We did not observe release of label above
background levels at times before 20 min of PDBu treatment
of C3H lOT'/z cells. The response was detectable within 30 min

after PDBu addition and reached a maximal level by 60 min.
In contrast, arachidonic acid metabolite release from cultures
treated with 200 nM bryostatin 1 attained only 17% of the
PDBu-induced response (above background) at 60 to 120 min.
Cultures treated with both bryostatin 1 and PDBu yielded
approximately 20% of the level of the phorbol ester-treated
samples. Both the low levels of direct stimulation of arachidonic
acid metabolite release by bryostatin 1 and the inhibition of
PDBu-induced release were fully evident by a 30-min incubation
time, the earliest time at which the response to PDBu could be
measured.

To exclude the possibility that the inhibition by bryostatin 1
of the phorbol ester-induced [3H]arachidonic acid metabolite

release was due to the accelerated reuptake of radioactivity, the
following experiment was done. Radioactive medium from
phorbol ester-treated cultures was added back to cells in the

presence or absence of bryostatin 1. No difference in reuptake
was observed (data not shown).

As an additional control, cell monolayers were labeled with
[3H]arachidonic acid, treated, and extracted in ice-cold metha-
nolÂ¡chloroform (2:1, v/v) to quantitate levels of labeled intra-
cellular arachidonic acid metabolites. Extracts were analyzed

30 min 60 min 120 min
Fig. 1. Inhibition of phorbol ester-induced [3H]arachidonic acid metabolite

release by bryostatin I. C3H lOTVi cells were labeled overnight with [3H]arachi-

donic acid, washed, and treated with vehicle alone (LJ), 200 nM PDBu (13), 200
nM bryostatin 1 (â€¢),or both PDBu and bryostatin 1 (D). Samples were harvested
at the indicated times, and total radioactivity released into the medium was
counted. Data are expressed as cpm/dish. Columns, mean for triplicate samples
from one of three experiments; bars, SEM.
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BRYOSTATIN EFFECTS ON C3H 10TVÃŒCELLS

by thin-layer chromatography using a solvent system in which
phospholipids remained at the origin (31). No detectable dif
ferences were noted in in tracellular levels of labeled prostaglan-
dins or free arachidonic acid between PDBu-treated and bryos-
tatin 1-treated cultures (data not shown). Thus we found no
indication that bryostatin 1 prevented arachidonic acid metab
olite release by causing its intracellular accumulation.

Inhibition of 12SI-EGF Binding by PDBu or Bryostatin 1. The

short time of incubation at which phorbol ester and bryostatin
1 effects on arachidonic acid metabolite release were seen
strongly argued that a transient duration of bryostatin 1 action
could not account for this difference. To further analyze such a
mechanism, we sought some other response in these cells for
which the bryostatins would show a more prolonged duration
of action. The inhibition of EGF binding induced by phorbol
esters has been characterized in many systems (17-20). EGF
binding was markedly inhibited in confluent cultures of C3H
10T'/2 cells after a 1-h pretreatment with 200 nM PDBu, bryos

tatin 1, or a combination of both (Fig. 2). The level of inhibition
achieved by bryostatin 1 was comparable to that for PDBu, and
no reversal of the phorbol ester action was observed in cultures
treated with both compounds. Cultures pretreated with 200 nM
PDBu for longer periods (up to 16 h) before assay maintained
approximately 95% inhibition of EGF binding relative to con
trols, whereas the bryostatin 1-treated cultures showed a slow
but detectable reversal of the initial inhibitory effect. EGF
binding was restored to 15% of control levels by 4 h, 25% by 8
h, and 28% by 16 h. No additional restoration of EGF binding
was observed at longer exposures up to 24 h. Cultures treated
with both PDBu and bryostatin 1 showed partial restoration of
EGF binding to levels comparable to those observed with bryos
tatin 1 alone. The effect of bryostatin 1 on EGF binding in the
C3H 10T1/! cells thus differs quantitatively from that in mouse

keratinocytes, where the dramatic inhibition of EGF binding
induced by a 1-h exposure to bryostatin 1 was largely reversed

after 4 h.
To assure that the lack of rapid reversal of the bryostatin 1

action did not simply reflect an inability of C3H lOT'A cells to

restore EGF binding, the extent of restoration after removal of
PDBu was assessed. Following 3 h of treatment with 200 nM
PDBu, confluent cell monolayers were washed to remove the
phorbol ester. EGF binding returned to 42% of control by 1 h
and to 88% of control by 24 h (Table 1). Loss of protein kinase

25000

1 hr 4 hr 8 hr

PRETREATMENT
16 hr

Fig. 2. Inhibition of EGF binding by PDBu or bryostatin 1 in C3H
cells. Confluent cell cultures were pretreated for the indicated times with either
200 nM PDBu (II), 200 nM bryostatin 1 (D). or both PDBu and bryostatin 1 (â€¢),
I25I-EGF specific binding was determined for control (0) and treated cultures.
Data are expressed as cpm/106 cells. Columns, mean for triplicate samples from
a representative example of triplicate experiments; bars, SEM.

Table 1 Recovery of specific '"I-EGF binding after 3-h treatment ofC3H lOTh

cells with 200 nM PDBu
Triplicate cultures were treated for 3 h at 37'C, washed 3 times to remove

phorbol ester, and assayed for EGF binding as described in "Materials and
Methods." Data are from a representative example of triplicate experiments.

Time after PDBu
removal(h)0

124

18
24Specific

binding
(% ofcontrol)5.9

Â±1.5Â°

41. 7 Â±0.5
60.3 Â±0.3
71.4 Â±2.6
70.6 Â±2.8
87.8 Â±1.7

' Mean Â±SEM.

Table 2 Scatchard analysis of p H]PDBu binding to control and bryostatin 1-
pretreated C3H WTh cells

Cells were pretreated with 50 nM bryostatin 1 for 1 h at 37*C. Bryostatin 1

was removed from pretreated cultures by three washes with 55% methanol (which
effectively removed [3H]bryostatin 4 from cell monolayers in control experiments).

Data are from a representative example of triplicate experiments.

Dissociation constant (nM)
B,,,,<(pmol/mg cell protein)
Correlation coefficientControl10.2

2.1
0.97Bryostatin

1
pretreated16.8

1.2
0.95

C activity following bryostatin treatment thus should be re
flected in the EGF binding assay.

Although the EGF binding experiments argue that the failure
of bryostatin 1 to induce arachidonic acid release at incubation
times of 30 to 60 min does not reflect loss of protein kinase C
at this time, the partial restoration of EGF binding beyond 4 h
of bryostatin treatment could be explained by enhanced protein
kinase C degradation. Indeed, Kraft et al. (32) have reported
that bryostatin causes a more rapid loss of total cellular protein
kinase C than do phorbol esters in HL-60 cells. Studies in this
laboratory have shown accelerated protein kinase C breakdown
induced by bryostatin 1 in a number of cell systems, including
C3H 10T'/2 cells.5

As shown by Scatchard analysis of [3H]PDBu binding in
control and bryostatin 1-pretreated cells, general loss of protein
kinase C also would not appear to account for the results on
arachidonic acid metabolite release. More than half the total
binding sites for [3H]PDBu were retained after 1-h treatment
of C3H 10T'/2 cells with bryostatin 1 (Table 2). These experi

ments obviously do not address possible loss of a minor protein
kinase C isozyme, an issue which is the subject of ongoing
investigation.

Thirty-fold Difference in Bryostatin 1 Sensitivity for [3H]-
Arachidonic Acid Metabolite Release and Inhibition of I25I-EGF

Binding. The dose-dependent inhibition of arachidonic acid
metabolite release by bryostatin 1 was determined in cultures
treated with 200 nM PDBu (Fig. 3A). This concentration of
PDBu was chosen because it gives maximal stimulation of
release; the ED50 for PDBu was 30 nM (data not shown). The
EDso of bryostatin 1 for inhibition of the PDBu-induced label
release was 3.5 nM. As observed in the time course study,
bryostatin 1 itself induced a slight level of arachidonic acid
metabolism (approximately 12% of maximal PDBu response),
which accounts for the inability of bryostatin 1 to inhibit the
PDBu response down to the level of untreated controls.

For comparison, we determined bryostatin 1 and phorbol
ester dose dependencies for inhibition of EGF binding (Fig.
3Ã„). The magnitudes of inhibition and the calculated EDMiS

5 E. Rivedal, M. L. Dell' Aqvila, K. L. Leach, S. H., Yuspa, C. L. Herald, G.

R. Pettit, and P. M. Blumberg, manuscript in preparation.
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Fig. 3. Dose-response curves for bryostatin 1 activity on [3H]arachidonic acid
release and EOF binding. Triplicate C3H 10T'/Â¡cultures were treated for a total
of 2 h at 37*C with the indicated concentrations of bryostatin 1 (O), PDBu (â€¢),

or bryostatin 1 plus 200 nM PDBu (â€¢).Points, average cpm released above control
level (A) and average specific '"l-EGF binding (cpm) (B); bars, SEM. Solid lines
represent the theoretical dose-response curves based on the EDjoS (26); r2 = 0.99
(â€¢).r* = 0.96 (O), r2 = 0.99 (â€¢).Data are from representative examples of

triplicate experiments.

were similar for the two compounds (0.1 nM for bryostatin 1
and 0.28 nM for PDBu).

In comparison with the arachidonic acid metabolite response,
the inhibition of EGF binding in C3H lOT'/z cells was dramat
ically more sensitive to bryostatin 1 and PDBu (35-fold relative
to inhibition of arachidonic acid metabolite release by bryosta
tin 1; 110-fold relative to induction of release by PDBu). To
assure that this difference was not generated by some artifact
of the assay protocol, identical cultures in 35-mm dishes were
treated with the same preparations of reagent dilutions and
incubated together before performing the respective assays. The
same difference in ED50s was observed under these conditions.
A possible explanation for the difference in potencies of these
compounds for these two biological end points could be a
requirement for only fractional occupancy of phorbol ester
receptors to inhibit EGF binding. Alternatively, the difference
in sensitivities could indicate that distinct subsets of protein
kinase C molecules differing in binding affinities mediate the
distinct responses.

Bryostatin Structure/Activity Relations. The biological activ
ities of bryostatins 1, 2, 3,4, 10, and several of their derivatives
were determined both for arachidonic acid metabolite release
and for inhibition of EGF binding. The structures of the parent
compounds are summarized in Fig. 4. The derivatives which

3705

were tested included the 26-acetate esters of bryostatins 1 and
4, the 26-wi-bromobenzoate ester of bryostatin 4, and the 13,30-
epoxide of bryostatin 4. Compounds were assayed (as described
in "Materials and Methods") over a concentration range of 0.2

to 200 nM for arachidonic acid release (Â±200nM PDBu) and
0.01 to 100 nM for EGF binding. The percentage of the maximal
PDBu response was determined for both [3H]arachidonic acid
release and EGF binding; the percentage of inhibition of [3H]-

arachidonic acid release was calculated for the reversal of the
PDBu-induced response.

Bryostatin 1 and bryostatin 4 were equally potent for all end
points (Table 3). Both compounds induced only slight | 'H|-

arachidonic acid release, inhibited the PDBu response by ap
proximately 80%, and inhibited EGF binding to an extent
comparable to PDBu. In contrast, bryostatins 2, 3, and 10
induced higher levels of [3H]arachidonic acid release and cor
respondingly were less effective in inhibiting [3H]arachidonic

acid release in the presence of 200 nM PDBu. This effect was
most marked for bryostatin 3, which caused 61% of the release
of [3H]arachidonic acid compared to PDBu-treated controls

(Fig. 5).
For all active derivatives, the ED5os were higher for inhibition

of arachidonic acid metabolite release than for inhibition of
EGF binding (42- to 140-fold). For those derivatives which
partially stimulated arachidonic acid metabolite release by
themselves, the EDsoS for that response were intermediate.
Although the narrow range of ED;oS for the active derivatives
makes comparison difficult, the ED5oSfor inhibition of arachi
donic acid metabolite release and for inhibition of EGF binding
roughly shifted in parallel.

Bryostatin 1 Blocking of Bryostatin 3 Action in Arachidonic
Acid Release Assay. Because the structure/activity studies
showed the biological actions of bryostatin 3 to be relatively
phorbol ester like, we investigated the ability of bryostatin 1 to
block the bryostatin 3-mediated arachidonic acid metabolite
release. In the presence of 200 nM bryostatin 1, bryostatin 3
response was blocked over the entire concentration range ex
amined (Fig. 5). These findings suggest that the stimulation of
arachidonic acid metabolism by bryostatin 3 indeed proceeds
through a mechanism similar to the phorbol esters.

Synergy between Calcium and Bryostatin 1. Since bryostatin
1 blocked arachidonic acid metabolite release induced by PDBu,
it seemed possible that it might also block release in response
to other agents. PDGF was of particular interest because it
activates phosphatidylinositol turnover (33), thereby stimulat
ing protein kinase C. Contrary to initial expectations, bryostatin
1 enhanced arachidonic acid release in combination with
PDGF. Dose-response curves of PDGF-induced arachidonic

acid metabolism in the presence or absence of bryostatin 1 or
PDBu are illustrated in Fig. 6. PDGF at 60 ng/ml induced
approximately 80% of the 200 nM PDBu response. In combi
nation with either 200 nM PDBu or 200 nM bryostatin 1, a
synergistic effect on [3H]arachidonic acid release of 150 to 200%

of the combined individual responses was observed.
The activation of phosphatidylinositol turnover by PDGF

should mobilize calcium as well as stimulate protein kinase C.
To investigate if calcium mobilization could explain the ob
served synergism, the effect of the calcium ionophore A23187
was analyzed. A dose-response curve for bryostatin 1 in the
presence of 200 nM A23187 yielded a similar synergism as
observed with PDGF (Fig. 7). Bryostatin 1 stimulated very little
release on its own. However, in the presence of a suboptimal
concentration of A23187 (a dose which induces approximately
10% of the maximal ionophore response in this assay), bryos-
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CH, CH,

Fig. 4. Structures of hryostatins 1, 2, 3, 4,
and 10.
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COCH2CH(CH3)2 H

BRYOSTATIN 3

Table 3 Structure-activity relationships for the bryostatins
Dose-response studies were performed for all data shown.

Bryostatinderivative1234101

-Acetate4-Acetate4-Epoxide4-MBBStimulation

ofarachidonic
acidrelease(%

of maximalresponse,PDBu
=100)17

Â±2"45

Â±661
Â±710
Â±535
Â±40026

Â±6NDEDÂ»

(nM)(9)*4.4

Â±1.0(8)2.7
Â±0.3(9)(3)3.1

Â±1.0(5)ND<ND2.0

Â±0.3(3)NDInhibition

of
PDBu-inducedarachidonic

acidrelease
(%ofinhibition)80

Â±365

Â±543
Â±583
Â±464
Â±50069

Â±6NDEDÂ«,

(nM)6

Â±2(9)17

Â±4(8)20
Â±3(9)6
Â±2(3)14
Â±3(5)NDND12

Â±0.4(3)NDInhibition

ofEGFbinding
(%ofmaximal

response,PDBu
=100)95

Â±387

Â±397
Â±395
Â±394
Â±321
Â±9ND71

Â±20EDÂ»

(nM)0.14

Â±0.02(6)0.30

Â±0.05(4)0.43
Â±0.03(2)0.10
Â±0.02(2)0.11
Â±0.03(2)NDNDNDND

Â°Mean Â±SEM.
ANumbers in parentheses, number of experiments.
' ND, not determined

BRYOSTATIN 3 (nM)
Fig. 5. Inhibition of bryostatin 3-induced [3H]arachidonic acid metabolite

release by bryostatin 1. C3H 10T'/Â¡cell cultures were labeled overnight with
[3H]arachidonic acid, washed, and treated with the indicated concentrations of

bryostatin 3 in the absence (O) or presence (â€¢)of 200 nM bryostatin 1. Maximal
response induced by 200 nM PDBu was 23.5 x 10' cpm. Points, cpm released

above control levels for the average of triplicate samples; bars, SEM. Data are
from a representative example of triplicate experiments.

tatin l stimulated a dramatic, dose-dependent increase in ara
chidonic acid metabolism. A similar synergism was observed
with PDBu and A23187 in combination, as has been described

in other cell systems (34, 35); the bryostatin 1 plus A23187
response reached approximately 70% of the phorbol ester plus
A23187 level. Conversely, both arachidonic acid metabolite
release induced by PDBu and partial release induced by bryos
tatin 1 were totally suppressed in the presence of 5 mM ethyl-
eneglycol-bis(/3-aminoethylether)-AyV'-tetraacetic acid. Our

data do not distinguish between two possible mechanisms: (a)
elevated calcium enabling bryostatin 1 to stimulate arachidonic
acid metabolite release through the same pathway that PDBu
utilizes in the absence of A23187; (b) elevated calcium permit
ting both bryostatin 1 and PDBu to cause arachidonic acid
metabolite release through a separate pathway.

DISCUSSION

Protein kinase C has attracted great interest due to its central
role in intracellular signal transduction. This enzyme represents
a potential target for drug intervention, provided that adequate
selectivity can be attained. Understanding of the mechanisms
which underlie the heterogeneity in response to the phorbol
esters and other activators of protein kinase C may offer one
approach for obtaining such selectivity. Among protein kinase
C activators, the bryostatins are of particular interest because
of the marked extent to which they behave differently from the
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PDGF Ing/ml)

Fig. 6. Synergistic action of PDGF and PDBu or bryostatin 1 on [3H]arachi-
donic acid metabolite release. Triplicate C3H KIT1/; cell cultures were labeled
overnight with [3H]arachidonic acid, washed, and treated with the indicated

concentrations of PDGF alone (D) or in combination with 200 n\i PDBu (A) or
200 UMbryostatin 1 (â€¢).Points, average cpm released above control values; ham,
SEM. Data are from a representative example of triplicate experiments.
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Fig. 7. Synergistic action of A23187 and bryostatin 1 on [3H]arachidonic acid
metabolite release. C3H lOTVz cells were labeled with [3H]arachidonic acid,

washed, and treated with the indicated concentrations of bryostatin 1 in the
absence (O) or presence of 200 riM A23187 (â€¢).Maximal response induced by
200 riM PDBu alone (A) or in combination with 200 nM A232187 (A) was also
determined. Points, average cpm released above control levels for triplicate
samples; bars, SEM. Data shown are from a representative example of triplicate
experiments.

phorbol esters and block phorbol ester-induced responses.
The current studies strongly indicate that multiple factors

may contribute to the outcome following exposure to the bryos-
tatins. For the same end points, different cell types behave
differently. Thus, the inhibition by bryostatin 1 of EGF binding
in mouse primary epidermal cells was transient, whereas it was
of much longer duration in the C3H lOT'/z cells. Also, for the

same cell types, different responses behave differently, even
when assessed at the same time points. Interestingly, the two
responses examined here in the C3H lOT'/z cells showed sig
nificantly different PDBu dose-response curves, with EGF bind
ing more sensitive than arachidonic acid release. Previously,
the EDsoS of protein kinase C activators for inhibiting EGF
binding have been noted to be either lower than the dissociation
constant, as reported for G-292 osteosarcoma cells (36), or
similar to it, as reported for GH4Ci rat pituitary cells (37) and

Swiss 3T3 cells (38). One interpretation is that EGF binding
responds to a minor, high-affinity pool of protein kinase C.
Alternatively, perhaps there is a variable extent of "spare recep
tors" for protein kinase C-mediated inhibition of EGF binding,

depending on the cell type.
The structure-activity studies reported here help define the

critical molecular features of the bryostatins. The 26-hydroxyl
group is essential, as indicated by loss of activity upon esterifi-
cation. The ester groups at positions 20 (missing in bryostatin
10) and 7 (missing in bryostatin 2) are not required. Moreover,
the combined lengths of the side chains have only a small effect
on potency. Thus, although bryostatin 1 has 20 carbons in its
two ester side chains, compared to 9 carbons in bryostatin 4 or
5 carbons in bryostatin 10, the ED50s are similar within a factor
of 2. Finally, modification of the 13,30-double bond by epoxi-
dation has little effect.

The lack of requirement for activity of the ester group at C-

20 argues against the earlier suggestion (10) that this ester
represents one of the points of homology with diacylglycerols.
The limited influence of chain length on activity contrasts with
the dramatic effect of chain length on phorbol ester potency
(39). On the other hand, much less effect had been observed
among ingenol monoesters (40), perhaps reflecting greater li-
pophilicity of the parent alcohol. The critical role for activity
of the C-26 hydroxyl group suggests that it may be homologous
to the 4-, 9-, or 20-hydroxyl groups on phorbol, which we have
suggested based on computer modeling to constitute a portion
of the phorbol ester pharmacophore (41). In light of the exo-
cyclic position of the C-26 hydroxyl group, the 20-hydroxyl
group of phorbol (or the corresponding 14-hydroxyl group of
teleocidin) would be the best candidate, as indeed supported by
computer modeling studies.6

With few exceptions, different phorbol derivatives induce
similar maximal responses although they may differ in potency
(42). In contrast, we found that the bryostatins differed in the
maximal extents to which they could induce arachidonic acid
metabolite release (or, reciprocally, block phorbol ester-induced
release). Similarly, bryostatin 2 was reported to be less effective
than bryostatin 1 at inhibiting phorbol ester-induced prolactin

synthesis or cell spreading (10). Interestingly, both bryostatins
2 and 10 which lack one of the 2 ester groups were less effective
inducers of arachidonic acid release than bryostatin 1 or 4.
Additional structural modifications will be required to evaluate
the significance of this observation and to define better the
features determining the phorbol ester antagonistic activity.

Natural product chemistry has played a key role in the
understanding of protein kinase C action and activation to date.
Further investigation of the mechanisms which regulate the
stimulatory and inhibitory modalities of the bryostatins should
provide insight into modulation of protein kinase C activity
and possibly afford new avenues for potential therapeutic inter
vention.
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