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ABSTRACT

The bryostatins are a group of macrocyclic lactones isolated from the
marine bryozoan Bugula neritina. Bryostatin 1, like the phorbol esters,
activates protein kinase C; however, it partially inhibits the phorbol ester
induced differentiation of the human promyelocytic leukemic cell line
HL-60. We compared the phosphorylation response in HL-60 cells
treated with phorbol 12,13-dibutyrate or bryostatin 1. Bryostatin 1 en

hanced the phosphorylation of the same proteins as did typical concen
trations (10~8-10~9 M) of phorbol 12,13-dibutyrate. In addition, bryo

statin 1 caused the appearance of 2 phosphorylated protein spots with
molecular weights of 70,000 and pis of 6.3-6.4. These latter pnospho-
rylations were evident after a 30-min exposure to bryostatin 1 at 6 IIM.
Phorbol 12,13-dibutyrate concentrations of at least 600 IIM, approxi
mately 100-fold that necessary to induce differentiation, also induced the
appearance of these phosphoprotein spots. The M, 70,000 phosphopro-
teins were located in the ionic detergent-soluble cellular fraction which

would contain the cytoskeletal proteins. Their phosphorylation was al
most totally on serine residues. We speculate that phorbol esters at very
high concentrations may more closely resemble bryostatin 1.

INTRODUCTION

PKC3 has been demonstrated to play a key role in signal

transduction for a number of neurotransmitters and hormones
(1) and has been suggested to be involved in the action of several
oncogenes (2-4). Great interest has therefore been focused on
the regulation of this enzyme. The principal endogenous acti
vators of PKC are the diacylglycerols, which are transiently
generated by the breakdown of phosphatidylinositol 4,5-bis-
phosphate as a consequence of the hormonally mediated stim
ulation of phospholipase C (5). Additionally, a number of
potent natural products have been identified which also activate
PKC (6, 7). The phorbol esters, well characterized as tumor
promoters, are the best studied class of such agents. Because of
availability, metabolic stability, and their markedly greater po
tency compared to the diacylglycerols, the phorbol esters have
played a central role in clarifying the involvement of PKC in
cellular physiology and in understanding PKC regulation.

The bryostatins comprise a distinct group of PKC modula
tors. Like the phorbol esters they bind to and activate PKC,
and in several systems such as neutrophils (8) and Swiss 3T3
cells (9), they elicit responses similar to those seen with the
phorbol esters. However, in a number of systems the bryostatins
behave differently from the phorbol esters. In HL-60 cells,
whereas phorbol esters induce differentiation, bryostatin 1
either entirely (10) or partially (11, 12) fails to do so. Moreover,
inclusion of bryostatin 1 together with the phorbol ester blocks
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the phorbol ester response. Other systems in which the bryo
statins fail to mimic the phorbol esters include Friend erythro-
leukemia cells (13), mouse primary epidermal cells (14), and
C3H/10T'/2 cells (15).

A straightforward hypothesis to explain the partial activity
of the bryostatins is that these compounds induce phosphoryl
ation of only a subset of the proteins phosphorylated in response
to activation of PKC by the phorbol esters. Such partial phos
phorylation could result from activation of only some PKC
isozymes. As precedent for such behavior, unsaturated fatty
acids selectively activate the a-isozyme of PKC (16). Alterna
tively, the bryostatins could have limited access to PKC, acti
vating it only in a restricted region within the cell.

In contrast to such models, the results we report here indicate
that the protein phosphorylation patterns in HL-60 cells in
response to bryostatin 1 and PDBU were very similar, but
bryostatin 1 induced phosphorylation of 2 additional proteins.
These proteins actually could be phosphorylated in response to
PDBU, but only at PDBU concentrations much greater than
those required for biological activity or for the other phospho-
rylations.

MATERIALS AND METHODS

Materials. PDBU and other chemicals were obtained from Sigma
Chemical Co. (St. Louis, MO). Carrier-free 32PÂ¡was from New England

Nuclear (Boston, MA).
Cell Culture. HL-60 cells were grown in RPMI 1640 (Gibco, Grand

Island, NY) containing 20% fetal bovine serum (Hyclone, Logan, UT)
in a humidified atmosphere of 95% air-5% COz.

Protein Phosphorylation. Immediately before use, cells were washed
twice with phosphate-free RPMI 1640 containing 40 HIM4-(2-hydrox-
yethyl)-l-piperazineethanesulfonic acid and 2 inM L-glutamine and
incubated for 30 min at 37Â°Cin the same medium at a concentration
of 1.5 x IO7cells/ml. Carrier-free 32PÂ¡at 0.25 to 1 mCi/ml was added,

the cells were incubated for 15 min, and the cells were then treated with
PDBU, bryostatin 1, or carrier solution as indicated in the text. The
incubation was stopped by the addition of 10 volumes [1 ml] of stopping
buffer [20 mM potassium phosphate (pH 7.4)-50 mM NaF-5 mM sodium
pyrophosphate-100 UM sodium vanadate-1 mg/ml bacitracin-1 mM
PMSF-1 MMpepstatin-5 mM EDTA]. The cells were then centrifuged
in a Beckman microfuge 12 at 1000 x g for 5 min and the supernatant
was discarded. Sample buffer (40 ul) and DNase/RNase (5 u\) were
added to the cellular pellet. The sample buffer was composed of 9.95
M urea, 100 mM dithiothreitol, 4% Nonidet P-40, 0.3% SDS, and a 2%
ampholine mixture (1 part 3.5-10:4 parts 5-7 or entirely 5-7; LKB,
Gaithersburg, MD). The DNase/RNase mixture contained 0.5 M Tris-
Ci (pH 7.0), 50 mM MgCl2, 1 mg/ml DNase 1 (type IV; Sigma), and
0.5 mg/ml RNase (nonspecific from Aspergillus clavatus; Sigma). Fol
lowing a 5-min incubation on ice, the sample was centrifuged at 1000
x g for 15 min. The supernatant from this procedure was retained and
either immediately subjected to electrophoresis or else stored at â€”70Â°C

until use. Two-dimensional electrophoresis was carried out using a
procedure similar to that described by O'Farrell (17). The first dimen

sion was isoelectric focusing for 9,000-11,000 V-h. Electrophoresis in
the second dimension was SDS-polyacrylamide gel electrophoresis
utilizing 12% gels. Each gel corresponds to the solubili/ed protein from
approximately 1.5 x IO6 cells. Labeled proteins were detected by
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autoradiography of dried gels using Kodak XAR-2 film with and
without Dupont Cronex intensifying screens.

Cellular Fractionation. Cells were fractionated by 2 different proce
dures. The first procedure was similar to that described by Cervera et
al. (18); all steps were conducted on ice. After treatment, cells were
washed once in the cold stopping buffer described above; the cells were
then resuspended in a buffer containing 10 IBMpiperazine-Ar,A''-bis(2-

ethanesulfonic acid) (pH 6.8), 100 mM KC1, 2.5 mM MgCl2, 0.3 M
sucrose, 1 mM PMSF (freshly added), and 1% Triton X-100. Following
gentle mixing, this suspension was left on ice for 3 min. The samples
were then centrifuged at 100 x g for 5 min and the supernatant was
retained as the non-ionic detergent soluble fraction. The pellet of this
procedure, which should contain the nuclei and cytoskeleton, was
suspended in a buffer containing 10 mM Tris-Cl (pH 7.4), 10 mM NaCl,
1.5 mM MgCl2, 1 mM PMSF, 1% Tween 40, and 0.5% deoxycholate
and homogenized in a Potter-Elvehjem homogenizer. The nuclei were
pelleted by centrifugation at 1000 x g; the supernatant containing the
cytoskeleton was called the ionic detergent-soluble fraction. The deter
gent-soluble fractions were lyophilized overnight before dissolution in
sample buffer and electrophoresis. The nuclear pellet was dissolved
directly into sample buffer and treated with DNase/RNase solution
before electrophoresis.

The second fractionation procedure was that described by Wray and
Stubblefield (19) for the preparation of intact nuclei. All procedures
were conducted on ice. The treated cells were washed once in cold
stopping buffer and the cells resuspended in 1.5 ml of a buffer contain
ing 50 mM piperazine-AOY'-bis(2-ethanesulfonic acid) (pH 6.5), 1 mM

CaCl2, 59.4 g/liter hexyleneglycol and 25 MMleupeptin. After 5 min on
ice, the cells were lysed in a Dounce homogenizer. The crude nuclei
from this preparation were pelleted by centrifugation at 1000 x g for 3
min and the supernatant was retained as the membrane/cytosol/cyto-
skeleton fraction. The nuclear pellet was gently resuspended in 0.5 ml
of suspension buffer [50 mM Tris-Cl (pH 7.5), 0.3 M sucrose, 4 mM
MnCl2, 25 mM KC1, 0.1 mM EDTA, 1 mM 2-mercaptoethanol, 1 mM
PMSF, and 25 utA leupeptin]. The suspension was mixed with 4 ml of
the same buffer containing in addition 2 M sucrose and 0.1 mM PMSF.
The nuclei were then pelleted by a 30-min centrifugation at 25,000 x
g. The supernatant was discarded and the nuclear pellet washed 3 times
without resuspension using suspension buffer. The pellet was dissolved
in electrophoresis sample buffer and treated with DNase and RNase.
The supernatant from the initial centrifugation (membrane/cytosol/
cytoskeleton) was lyophilized overnight before electrophoresis.

Electroelution and Phosphoamino Acid Analysis. Proteins were elec-
troeluted from gels by a method and apparatus similar to that described
by Hunkapiller et al. (20). Following electrophoresis, gels were imme
diately dried and stapled to X-ray film for autoradiography. After
exposure and development, the gels were reattached to their autoradi-
ograms using staple holes for proper alignment. The appropriate areas
were cut out with a small cork borer; the gels were reexposed to check
for accurate excision. The excised areas from 8-10 gels were then
pooled in the loading well of an electroelution cell. After the addition
of 1 mg of bovine serum albumin as carrier protein, the pieces were
covered with soaking buffer (2% SDS, 0.4 M NH4HCO3, and 10%
dithiothreitol). The elution buffer (1% SDS and 0.5 M NH4HCO3) was
then used to overlay this solution and fill the remainder of the cell and
tank of the apparatus. Following rehydration of the gel fragments for
3 h, the electroelution was begun with 50 V applied across the cell.
After 12 h, the elution buffer in the tank was replaced with dialysis
buffer (0.02% SDS and 0.01 M NH4HCO3) and the electroelution
continued at 80 V for 24 h. The protein was then removed from the
collection well and lyophilized.

Phosphoamino acid analysis was performed as described by Hunter
and Sefton (21). The lyophilized protein was dissolved in 6 N HC1 by
heating for 1 min at 110Â°C,and the hydrolysis carried out for either 1
or 4 h at 100Â°C.After hydrolysis of the sample, the HCI was evaporated

under vacuum. The resulting hydrolysate was subjected to two-dimen
sional separation on cellulose thin layer plates. The first dimension was
electrophoresis at 1.5 kV for 60 min in glacial acetic acid:formic acid
(88%):H2O, 78:25:897 (v/v), pH 1.9. The second dimension was as
cending chromatography using isobutyric acid:0.5 M NH4OH, 5:3 (v/

v). Nonradioactive phosphoamino acid acid standards were detected
with ninhydrin and the radioactive phosphoamino acids by autoradi
ography.

RESULTS

Protein Phosphorylation. Treatment of HL-60 cells with 200
HM PDBU for 30 min produced increased phosphorylation of
the proteins indicated by the arrows and boxes in Fig. 1.
Treatment with 200 nM bryostatin 1 under the same conditions
caused increased phosphorylation of the same proteins, but 2
additional phosphorylated proteins were also observed (Figs. 1
and 2). These proteins had a molecular weight of 70,000 and
pis ranging from approximately 6.3 to 6.4. Only 6 nM bryostatin
1 was required for phosphorylation for these two M, 70,000
spots (Fig. 2). PDBU was also able to produce these phospho-

rylations, but only when present at high concentrations, 600
nM or greater. No clear difference was observed between the
concentrations of bryostatin l required to induce phosphoryl
ation of the A/r 70,000 proteins and the other indicated proteins.
For PDBU, on the other hand, the other proteins were maxi
mally phosphorylated at concentrations of 50 nM or greater.
Although time courses of phosphorylation as a function of
bryostatin 1 concentration were not carried out, at 200 nM
bryostatin 1 the phosphorylation of the M, 70,000 proteins was
similar at 2 and 30 min. When cells were treated with 20 nM
bryostatin 1 in combination with 20 or 200 nM PDBU the two
A/r 70.000 proteins were phosphorylated to the same extent as
observed without PDBU. Bryostatin 9 (22) was also examined;
it induced phosphorylation with a time course and dose re
sponse which were analogous to those for bryostatin 1. The
protease inhibitors leupeptin, E-64, and tosyl lysine chloro-
methyl ketone did not effect the phosphorylation responses to
either PDBU or bryostatin 1.

Subcellular Location of the M, 70,000 Phosphoproteins. Frac
tionation of the cells was carried out to determine the subcel
lular location of the A/r 70,000 phosphoproteins. Two fraction
ation procedures were used. The first utilized non-ionic deter
gent solubilization of the plasma membrane, followed by
pelleting of the nuclei and insoluble proteins and solubilization
of the insoluble proteins from the nuclei with ionic detergents.
This procedure, which had been developed for preparation of
cytoskeleton, divided the cells into 3 fractions: (a) the non-ionic
detergent soluble fraction which should contain the cellular
membranes and cytosol; (h) the ionic detergent soluble fraction
which should contain the cytoskeleton; and (c) the nuclear
fraction. Electrophoresis of these fractions showed the appear
ance of the A/r 70,000 proteins in both the non-ionic detergent
soluble fraction and the nuclear fraction. Since there was a
possibility with this procedure of incomplete solubilization of
the cytoskeleton, causing contamination of the nuclear fraction,
a second fractionation technique was also used. This second
technique utilized selective sedimentation to separate the nuclei
from the other cellular components. The A/r 70,000 phospho
proteins were not observed in the nuclear fraction of this
preparation (data not shown). The A/r 70,000 phosphoproteins
would thus appear to be components of the cytoskeletal fraction
(Fig. 3).

Phosphoamino Acid Analysis of the M, 70,000 Proteins. The
two A/r 70,000 phosphoproteins were electroeluted from the
gels and hydrolyzed for 1 h, and their phosphoamino acid
composition was determined. As shown in Fig. 4, the radioac
tivity was almost exclusively on serine residues. Because thre-
onine residues are more resistant to hydrolysis than are serine
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Fig. 1. Protein phosphorylation in HL-60 cells by PDBU and bryostatin 1. Cells were loaded with "PÂ¡as described in the text, and treated where indicated with
200 nM PDBU or 200 nM bryostatin 1 for 30 min. Following treatment, whole cell proteins were resolved by two-dimensional electrophoresis and detected by
autoradiography. Arrows, changes in phosphoproteins which were observed in more than 15 experiments. Box, area enlarged in Fig. 2.

Control Whole Cells

6nM Bryostatin 1 PDBU

Fig. 2. Micromolar concentrations of PDBU resemble nanomolar concentra
tions of bryostatin 1 in inducing the phosphorylation of a M, 70,000 set ofproteins. Cells were loaded with 'â€¢'!',and treated and analyzed as described in Fig.

1. Illustrated is the boxed area of the gels indicated in Fig. 1. Arrows, location of
proteins the phosphorylation of which was reproducibly increased. Bryostatin
experiments were repeated 7 times; PDBU experiments were repeated 4 times.

residues, a 4-h hydrolysis was also performed. Only minor
phosphorylation (less than 1%) at threonine residues was ob
served in comparison to that found on serine.

DISCUSSION

The bryostatins bind to and activate PKC, and they produce
phorbol ester-like effects in neutrophils (8) and Swiss 3T3 cells
(9). However, in HL-60 cells, bryostatin 1, unlike the phorbol
esters, does not cause efficient induction of differentiation (10).
Phosphorylation of only a subset of those phosphoproteins
induced by phorbol ester could explain this effect. Instead,
bryostatin 1 treatment, at concentrations sufficient to partially
block phorbol ester-induced differentiation, produced phospho
rylation of more proteins than did phorbol ester treatment. Two
M, 70,000 phosphoproteins were observed which were not
phosphorylated after treatment with phorbol ester at differen
tiation inducing concentrations.

Nonionic Detergent Soluble

f

Ionic Detergent Soluble

Fig. 3. Fractionation of HL-60 cells after treatment with bryostatin 1. Cells
were loaded with 3:P,, treated with 200 nM bryostatin 1, fractionated, and resolved
by two-dimensional electrophoresis. Arrows, location of the proteins the phospho
rylation of which was increased. Three other experiments gave similar results.

These observations are important independent of the identity
and function of the M, 70,000 phosphoproteins because they
argue for a specific class of models of bryostatin action, namely
that the bryostatins are inducing typical protein kinase C acti
vation supplemented by additional effects. This conceptualiza
tion agrees with the dominance of bryostatin action when
presented in combination with phorbol esters. It further agrees
with the observation that the inhibition by bryostatin 1 of
PDBU action in Friend erythroleukemia cells (13) was noncom-
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P-Tyr
P-Thr O

P-Ser O

Fig. 4. Phosphorylation of the M, 70,000 phosphoprotein occurs on serine
residues. Cells were loaded with 32PÂ¡,treated with 200 nM bryostatin I, and
resolved by two-dimensional electrophoresis. Following electrophoresis and an
toradiography, the M, 70,000 spots were cut out of the gels, the protein was
electroeluted, and the phosphoamino acid content was analyzed as described. The
results presented are for the more acidic of the two spots; similar results were
observed for the other phosphoprotein. A second experiment using a 4-h hydrol
ysis gave comparable results. Ovals, positions of the stained marker phosphoa
mino acids; arrow, origin. The other areas probably represent partially hydrolyzed
protein. P-Ser, phosphoserine: P-Thr, phosphothreonine; P-Tyr, phosphotyrosine.

petitive (at least over the PDBU concentration range of 20-200
nM).

Binding analysis using isolated protein kinase C suggests that
the actual affinity of bryostatin 1 for protein kinase C is
picomolar (23), and that the apparent nanomolar 50% effective
doses for biological responses reflect a combination of second
ary factors, including avid binding to plasticware and titration
of receptors. This tentative model implies that nanomolar con
centrations of bryostatin 1 could interact at a picomolar affinity
protein kinase C binding site as well as at possible secondary
sites of nanomolar affinity, sites which are in fact orders of
magnitude weaker in affinity. Such sites could represent protein
kinase C reconstituted into an unfavorable phospholipid envi
ronment, interaction at a secondary site in the enzyme such as
the second cysteine-repeat, or some distinct receptor/isozyme.
Motivated by this model, we examined the effect of PDBU at
600 nM to 2 MM,concentrations we and others have observed
to be substantially above those necessary for receptor binding
(24) or biological response (25, 26). Consistent with our model,
these concentrations caused phosphorylation of the M, 70,000
proteins. Similarly, micromolar concentrations of PDBU par
tially reversed the effects of lower PDBU concentrations on
arachidonic acid release in C3H/10T'/2 cells or on cell-cell
communication in primary mouse epidermal cells.4 However,
in HL-60 cells, the phorbol esters did not produce similar
biphasic dose-response curves for induction of differentiation
or arachidonic acid release.

Differential effects at high phorbol ester concentrations have
been reported in a number of other studies. Phorbol esters
induced cytotoxicity in the normal human fibroblast cell strain

4 E. Riveda!, M. L. Dell'Aquila, K. L. Leach, S. H. Yuspa, C. L. Herald, G.

R. Pettit, and P. M. Blumberg, manuscript in prÃ©paration.

AG-1522 (27) and in ACR fibroblasts (28) with biphasic dose-
response curves. In addition, heterogeneity of phorbol ester
binding, indicating binding sites of various affinities, has been
reported in both mouse keratinocytes (29) and rat embryo
fibroblasts (30) but not in HL-60 cells (24).

High phorbol ester concentrations have been used to achieve
accelerated PKC breakdown, causing release of the enzymati-
cally active catalytic domain (31). Because this domain lacks
the phospholipid binding region of the regulatory domain, it
should be cytosolic, in contrast to the activated, intact enzyme,
and thus should have access to a different spectrum of sub
strates. In a number of systems we, and others, have found that
bryostatins cause accelerated PKC breakdown (32).4 Nonethe

less, the extreme rapidity of the response to bryostatin 1, 2 min
compared to 4 h for any change in PKC as detected by immu-
noblotting, makes it unlikely that formation of the catalytic
fragment can account for the phosphorylation of the M, 70,000
phosphoproteins.

The identity and function of the M, 70,000 phosphoproteins
remain to be determined. The appearance of a similar set of
bryostatin I and high phorbol ester-specific phosphoproteins
was confirmed in C3H/10T'/2 cells. Bryostatin specific phos

phoproteins have also been observed in human neutrophils (9)
and in the nuclear envelope preparations of HL-60 cells (33).
Presently it is uncertain if the M, 70,000 spots are multiphos-
phorylated species of the same protein and which protein kinase
is responsible for their phosphorylation. These issues are cur
rently being examined.
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