PHARM

aspet.’

0026-895X/97/030439-09$3.00/0

Copyright © by The American Society for Pharmacology and Experimental Therapeutics
All rights of reproduction in any form reserved.

MOLECULAR PHARMACOLOGY, 51:439—447 (1997).

Bryostatin 1 and Phorbol Ester Down-Modulate Protein Kinase
C-a and -e via the Ubiquitin/Proteasome Pathway in Human

Fibroblasts

HYEON-WOO LEE, LUCINDA SMITH, GEORGE R. PETTIT, and JEFFREY BINGHAM SMITH

Department of Pharmacology and Toxicology, Schools of Medicine and Dentistry, University of Alabama at Birmingham, Birmingham, Alabama
35294 (H.-W.L., L.S., J.B.S.), and the Cancer Research Institute and Department of Chemistry, Arizona State University, Tempe, Arizona 85287

(G.R.P.)
Received October 16, 1996; Accepted December 4, 1996

SUMMARY

We evaluated the possibility that distinct proteolytic pathways
contribute to the down-regulation of a novel (€) or conventional
(o) isoform of protein kinase C (PKC) in nonimmortalized human
fibroblasts. Inhibitors of calpains and other cysteine protein-
ases, vesicle trafficking, or lysosomal proteolysis did not affect
the down-regulation of PKC-« or -e produced by bryostatin 1
(Bryo). Lactacystin (Lacta) and certain terminal aldehyde trip-
eptides or tetrapeptides, which selectively inhibit the protea-
some, preserved substantial PKC-a and -e protein from down-
regulation by Bryo or phorbol-12-myristate-13-acetate. Lacta
preserved active kinase in vivo, as shown by the retention of
Bryo-induced autophosphorylated PKC-a. Concomitant with
down-regulation, Bryo produced PKC-a and -e species that

were larger than the native proteins (80 and 90 kDa, respec-
tively). Western blot analysis showed that the larger PKC-«
species were ubiquitinylated. Treatment with Bryo plus Lacta
synergistically increased multiubiquitinylated PKC-«, as ex-
pected if Bryo induces ubiquitinylation of PKC-« and Lacta
blocks its degradation. Bryo also produced a 76-kDa, nonphos-
phorylated form of PKC-« and an 86-kDa form of PKC-e. Phos-
phatase inhibitors decreased production of 76- and 86-kDa
PKC-a and -€ by Bryo and preserved 80- and 90-kDa PKC-a
and -¢, respectively. Our results suggest that the down-modu-
lation of PKC-a and -e occurs principally via the ubiquitin/
proteasome pathway. Dephosphorylation seems to predispose
PKC to ubiquitinylation.

Phorbol esters and bryostatins acutely activate and subse-
quently down-modulate conventional (a, 3, and 8) and novel
(8, €, m, and 0) isoforms of PKC in mammalian cells (1-5). The
regulatory domain of conventional isoforms differs from that
of novel ones, which lack a putative Ca®"-binding C2 region
(1, 2). Bryo, phorbol esters, and DAG, an endogenous PKC
activator, bind to the two cysteine-rich, zinc finger motifs in
conventional and novel isoforms (1, 2, 6). One zinc finger
motif binds the activators with an affinity order of Bryo >
PMA > DAG, whereas the other has the inverse affinity
order (7, 8). Interestingly, in contrast to PMA, Bryo is not a
carcinogen or a complete tumor promoter (9). Bryo elicits
some of the same acute cellular responses as PMA but an-
tagonizes chronic responses provoked by PMA (9-14). Faster
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and more effective down-regulation of PKC by Bryo com-
pared with PMA seems to explain the antagonism of PKC (5,
13, 14). A striking increase in the degradation of PKC causes
down-regulation, which can occur with no change in PKC
synthesis (1, 2, 15).

Recently, we reported that Bryo induced multiubiquitiny-
lation of PKC-« in vitro and in a renal epithelial cell line (16).
In vitro ubiquitinylation of PKC-« required ATP (or ATP3S),
membranes containing the 76-kDa, nonphosphorylated form
of PKC, and a cytosol fraction (16). Cytosol contains Ub-
activating (E1), -conjugating (E2), and -ligating (E3) enzymes
(17). The ~26S proteasome is a predominantly nuclear and
cytoplasmic organelle that degrades multiubiquitinylated
proteins by an ATP-dependent mechanism (17). The protea-
some degrades many short-lived proteins and proteins whose
degradation is triggered by external stimuli (18). The novel
antibiotic Lacta specifically modifies the amino-terminal
threonine of subunit X of the mammalian proteasome and
inhibits its three distinct peptidase activities (19). Experi-

ABBREVIATIONS: PKC, protein kinase C; AcLLMal, N-acetyl-Leu-Leu-methional; AcLLNal, N-acetyl-Leu-Leu-norleucinal; BFA, brefeldin A; Bryo,
bryostatin 1; DAG, diacylglycerol; DMEM, Dulbecco’s modified Eagle’s medium; Lacta, lactacystin; LB, lysis buffer; PAGE, polyacrylamide gel
electrophoresis; PMA, phorbol-12-myristate-13-acetate; SDS, sodium dodecyl sulfate; TBS, Tris-buffered salt solution; TRH, thyrotropin-releasing
hormone; Ub, ubiquitin; ZGLALal, benzyloxycarbonyl-Gly-Leu-Ala-leucinal; ZGLALol, benzyloxycarbonyl-Gly-Leu-Ala-leucinol.
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ments with [*H]Lacta, Neuro-2a cells, and brain homoge-
nates identified proteasome subunits as the essentially ex-
clusive cellular target of Lacta (19). Lacta spared PKC-« in
renal epithelial cells from down-modulation by Bryo (16).

Some studies have implicated increased vesicle trafficking
including lysosomal endocytosis and a general degradative
process in PKC down-regulation (20, 21). Others have in-
voked calpains, Ca®*-activated, cysteine proteinases, in
down-modulation (22, 23). Down-regulation of PKC-¢ seems
to depend on the calpain/calpastatin system (22), whereas
the Ub/proteasome pathway contributes to the down-regula-
tion of PKC-« (16). Therefore, we tested the possibility that
calpains, lysosomal proteinases, vesicle trafficking, and the
Ub/proteasome pathway contribute to the degradation of a
conventional («) and a novel (e) isoform of PKC in human
fibroblasts. Our findings suggest that the Ub/proteasome
pathway is mainly responsible for the disappearance of
PKC-a and -€ isoforms provoked by PMA or Bryo. We also
observed that decreasing the production of dephosphorylated
PKC-a and -e with phosphatase inhibitors antagonized down-
regulation. Dephosphorylation of activated PKC seems to
predispose it to ubiquitinylation, which targets it to the pro-
teasome.

Experimental Procedures

Primary cultures of human dermal fibroblasts were initiated from
forearm biopsies and grown in DMEM containing 10% fetal bovine
serum as described previously (24).

Western blot analysis of PKC-a and -e. Confluent cultures
(35-mm diameter) were incubated at 37° in 1 ml of the plating
medium in a humidified atmosphere of 95% air/5% CO, with the
indicated additions. Compounds such as Bryo, Lacta, E64d (IN[N-L-
trans-carboxyoxiran-2-carbonyl-L-leucyllagmatine), and peptides
were dissolved in dimethylsulfoxide and added to the cultures from
thousand-fold-concentrated solutions. Dimethylsulfoxide did not af-
fect Bryo-evoked disappearance of PKC-a or -e proteins or their
amounts in untreated cells. Cultures were rinsed three times with
ice-cold phosphate-buffered saline, 0.1 ml of ice-cold LB [1% (w/v)
Triton X-100, 10 mMm Tris'HCI, pH 7.4, 5 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride, 0.1 mM NazVO,, 30 mM sodium pyrophos-
phate, 50 mMm NaF, 10 pg/ml leupeptin, 10 ug/ml aprotinin] was
added, and the cells were removed with a squeegee.

Lysates were passed through a 26-gauge needle three times and
centrifuged for 20 min at 4° at 16,000 X g. Protein was measured
according to the BCA method (Pierce Chemical, Rockford, IL) with
bovine serum albumin as standard. Proteins were fractionated by
SDS-PAGE (7% or 10% gels with a 1:25 ratio of N,N'-methylene-bis-
acrylamide/acrylamide) for 3.5 hr at 150 V at 4° to improve the
resolution of faster and slower PKC-a and -e bands (14). Proteins
were then transferred to a polyvinylidene difluoride membrane (Mil-
lipore, Bedford, MA) at 22 V for 16-20 hr at 4°. Transfer buffer
contained 25 mM Tris, 192 mM glycine, and 0.05% SDS (w/v) and was
diluted 20% with methanol.

Membranes were blocked for 1 hr with TBS containing 0.5% non-
fat dry milk, rinsed twice (5 min each) with TTBS [TBS containing
0.05% (v/v) Tween 20], and incubated for 1 hr in TTBS containing
0.1% dry milk and a 1:1000 dilution of an affinity purified, polyclonal
antibody to PKC-a or -e. TBS contained 8 g/liter NaCl, 0.2 g/liter KClI,
and 3 g/liter Tris base and was adjusted to pH 7.4 with HCl. Mem-
branes were then rinsed three times (5 min each) with TTBS and
incubated for 1 hr with TTBS containing 0.1% dry milk and a
1:10,000 dilution of affinity isolated goat anti-rabbit IgG conjugated
to horseradish peroxidase (Biosource International, Camarillo, CA).
After rinsing three times with TTBS (5 min each), immunostaining

was visualized with LumiGLO (Kirkegaard & Perry Laboratories,
Gaithersburg, MD) and Konica PPB film. Autoradiograms are rep-
resentative of three or more experiments.

Immunoprecipitation of PKC. The volume of the culture me-
dium was reduced to 2 ml (60-mm diameter) or 4 ml (100-mm
diameter), and the indicated compounds were added from thousand-
fold-concentrated stock solutions. The cultures were incubated for
the indicated interval and extracted with ice-cold LB. Protein was
measured according to the BCA method, and a sample was pre-
cleared with 20 ul of protein A/G agarose at 4° for 1 hr and incubated
with a mouse monoclonal antibody to rat brain PKC-a or rat PKC-e
(Transduction Laboratories, Lexington, KY) and 30 ul of protein A/G
agarose at 4° for 3 hr. Immunocomplexes were washed, and proteins
were extracted with SDS and fractionated by SDS-PAGE, and PKC-a
or -e was visualized by Western blot analysis (14).

Western blot analysis of ubiquitinylated PKC-a. Cultures
were incubated with the indicated additions and extracted with LB.
PKC-a was immunoprecipitated with the monoclonal antibody, sep-
arated by SDS-PAGE, and electrophoretically transferred to Hybond
ECL nitrocellulose (Amersham Life Science, Arlington Heights, IL).
Blots were autoclaved in water for 30 min at 120° to denature Ub,
incubated for 10 min with TBS, blocked for 1 hr with TBS containing
0.5% dry milk, rinsed twice (5 min each) with TTBS, and incubated
for 1 hr in TTBS containing 0.1% dry milk and a 1:1000 dilution of a
monoclonal Ub antibody (4F3 ascites fluid) or 2 ug/ml concentration
each of protein A-purified monoclonal antibodies 1B3 and 2C5 to
bovine erythrocyte Ub coupled to keyhole limpet hemocyanin (Pan-
Vera, Madison, WI). Membranes were rinsed with TTBS for 15 min,
with the solution replaced at 5-min intervals, and incubated for 1 hr
with TTBS containing 0.1% dry milk and a 1:20,000 dilution of goat
anti-mouse IgG conjugated to horseradish peroxidase (Transduction
Laboratories, Lexington, KY). After being rinsed three times with
TTBS (5 min each), ubiquitinylated proteins were visualized with
LumiGLO (Kirkegaard & Perry Laboratories) and Konica PPB film.
Membranes were rinsed overnight at room temperature with TBS
(Fig. 5B) or stripped for 30 min at 65° with 62.5 mMm Tris-Cl, pH 6.8,
containing 2% SDS and 0.1 M B-mercaptoethanol (Fig. 6), and PKC-«a
was visualized by Western blot analysis.

32P.PKC-« labeling. Confluent cultures (60-mm diameter) were
rinsed twice with phosphate-free DMEM and incubated with 2 ml of
phosphate-free DMEM containing 1 mCi of [*?P]orthophosphate for 3
hr. Bryo and/or Lacta was added as indicated, and 8 hr later the
cultures were rinsed eight times with ice-cold phosphate-buffered
saline and extracted with 0.5 ml of ice-cold LB. PKC-a was immu-
noprecipitated and visualized by Western blot analysis. After the
membrane was rinsed with TBS, it was autoradiographed at —70°.

PKC activity. Confluent cultures (100-mm diameter) were incu-
bated with the indicated additions for 20 hr in the plating medium.
Cultures were rinsed, and lysates were prepared as described previ-
ously (14). PKC from three cultures was partially purified by DEAE
cellulose chromatography. Fractions were assayed for PKC activity
as described previously (14).

Materials. 4F3 ascites fluid was generously provided by Dr.
Linda A. Guarino (Texas A & M University, College Station, TX).
monoclonal antibodies to an immunogen corresponding to positions
270-427 of rat brain PKC-« or an amino-terminal fragment (residues
1-175) of rat PKC-€e were from Transduction Laboratories. Affinity-
purified rabbit polyclonal antibodies to an epitope corresponding to
amino acids 651-672 of human PKC-« or residues 723—737 of human
PKC-€ were from Santa Cruz Biochemicals (Santa Cruz, CA). AcLL-
Nal and AcLLMal were from Bachem Bioscience (King of Prussia,
PA). Ub, E64d, and BFA were from Sigma Chemical (St. Louis, MO),
and monensin was from Calbiochem (San Diego, CA). Lacta was
obtained from Dr. E. J. Corey (Harvard University, Boston, MA).
ZGLALal and ZGLALol were provided by Dr. Alexander Vinitsky
(Mt. Sinai School of Medicine, City University of New York, New
York, NY). Bryo was isolated from Bugula neritina as described
previously (25).
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Results

Down-modulation of PKC-a and -e and production of
faster mobility species. Human fibroblasts were incubated
with 1 uM Bryo for 4 or 24 hr, and PKC was quantified by
Western blot analysis. PKC-a or -e from untreated cells mi-
grated as a single band with an apparent molecular mass of
80 and 90 kDa, respectively (Fig. 1, A and B). Bryo provoked
the disappearance of PKC-a and -€ (Fig. 1), but PKC-a dis-
appeared much faster than the € isoform. For example, the
decrease in PKC-a produced by the 4-hr Bryo treatment was
similar to that produced by the 24-hr treatment for PKC-e
(Fig. 1). The 24-hr Bryo treatment decreased PKC-a and -e to
5 = 2% and 36 * 3% of control, respectively (five experi-
ments). An 8-hr treatment with 1 um Bryo decreased 80- and
90-kDa PKC-a and -e bands to 22 * 6% and 75 *= 8% of
control, respectively (three experiments). In addition to de-
pleting the 80- and 90-kDa PKC species, Bryo produced
faster mobility forms of PKC-a and -€ with apparent molec-
ular masses of ~76 and ~86 kDa, respectively (Fig. 2A).
Although the 86-kDa PKC-e band was observed in the Bryo-
treated but not the control cells in all experiments, some gels
(see Figs. 2A and 4C) resolved the 86- and 90-kDa bands
better than others (Figs. 1B and 2B). To readily observe the
86-kDa PKC-€ band without overexposure of the slower band
in untreated cells, it was necessary to apply =30 ug to the
SDS gel (Figs. 1 and 2). The faster mobility PKC-e band was
clearly produced by a 2-hr treatment with 1 um Bryo.! The

1 Lee, H.-W., and Smith, J. B., unpublished observations.

+Bryo -Bryo

specific immunoreactivity of the PKC-a and -€ species was
demonstrated by sequentially immunostaining of the same
membrane for each isoform and observation that both PKC-«
and PKC-e bands had distinct electrophoretic mobilities (Fig.
2A). These observations show that production of the faster
mobility PKC-e band accompanied the disappearance of the
slower one, as previously shown for PKC-«a (14, 16). The
faster mobility PKC-a band is a nonphosphorylated species
produced from active kinase in epithelial cells and fibroblasts
(14, 16, 26).

Lack of effect of inhibitors of calpains, lysosomal
proteolysis, and vesicle trafficking on PKC-«a and -e
down-regulation. The cell-permeant cysteine protease in-
hibitor E64d (27) did not affect the disappearance of PKC-«
and -e evoked by Bryo (Fig. 1, A and B). Also, AcLLMal
(calpain inhibitor II), which is a potent inhibitor of calpain
and lysosomal cysteine proteinases such as cathepsin B (28),
did not affect the disappearance of PKC-« and -€ (Fig. 1, A
and B). Interestingly, AcLLNal (calpain inhibitor I) partially
inhibited the down-regulation of PKC-a and -e by Bryo (Fig.
1). AcLLNal inhibits calpain and cathepsin B with similar
potencies as AcLLMal (28), but AcLLNal is ~40 times more
potent than AcLLMal as an inhibitor of proteasomal pepti-
dase activities (28). These findings suggest that the down-
modulation of PKC-«a and -e depends on the 26S proteasome.
Another peptidyl aldehyde, ZGLALal, which potently inhib-
its the proteasome (29), preserved PKC-a and -e proteins
from down-regulation by Bryo (Fig. 1) as described below.
Neither NH,Cl nor the Na™/H* antiporter monensin affected
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Bryo-induced down-modulation of either PKC isoform (Fig. 1,
C and D). Monensin or NH,C] neutralizes lysosomal acidity
and inhibits lysosomal proteolysis. In addition, monensin
blocks vesicle trafficking, as does BFA, which reversibly dis-
rupts the Golgi apparatus (30, 31). Neither monensin nor
BFA affected the down-regulation of PKC-« or -€ (Fig. 1, C
and D). None of the compounds tested affected cell morphol-
ogy, as observed by phase-contrast microscopy,! and only the
24-hr treatment with BFA, which somewhat decreased
PKC-¢, affected PKC in cells that were not treated with Bryo
(Fig. 1D). These findings support the idea that the protea-
some is principally responsible for the down-regulation of a
conventional and a novel PKC isoform.

Proteasome inhibitors preserve PKC-a and -e from
down-regulation. Lacta, which is a highly selective inhib-
itor of proteolysis by the proteasome (19), preserved substan-
tial PKC-«a and -e from down-modulation by 1 um Bryo or
PMA (Fig. 2). Peptidyl aldehydes, such as ZGLALal, selec-
tively inhibit proteolytic activities of the 20 S proteasome in
vitro and 26 S-mediated intracellular degradation of ubiquiti-
nylated proteins (29). Furthermore, ZGLALal preserved
PKC-a and -€ in a manner similar to that of Lacta from
down-regulation by Bryo (Fig. 2). The corresponding peptidyl
alcohol, ZGLALol, did not affect the down-regulation of either
PKC isoform (Fig. 2), as expected because ZGLALol is inac-
tive as a proteasome inhibitor (29). Neither Lacta nor the
peptides affected PKC-a or -€ in cells that were not treated
with Bryo (Fig. 2).

Proteasome inhibitors spare PKC activity from
down-regulation by low concentrations of PMA or

Bryo. We used 1 um Bryo or PMA for the experiments de-
scribed above to markedly down-regulate PKC-« in 4 hr. To
determine whether proteasome inhibitors preserve PKC from
down-regulation evoked by prolonged incubations with low
concentrations of the PKC activators, we incubated human
fibroblasts with 50 nm Bryo or 0.1 um PMA for 20 hr, which
strongly down-modulated PKC-« protein and total PKC ac-
tivity (Fig. 3). Lacta protected PKC-a protein and Ca®* and
lipid-dependent histone kinase activity from down-modula-
tion by Bryo or PMA (Fig. 3). Cells treated with Bryo or PMA
in the presence of Lacta retained 7- and 14-fold more PKC
activity, respectively, than those incubated with Bryo or
PMA alone (Fig. 3). For this experiment, PKC was purified by
DEAE cellulose chromatography and assayed as the differ-
ence in histone kinase activity with or without Ca®*, DAG,
and phosphatidyl serine (14). None of the treatments affected
the amount of protein extracted from the cells or eluted from
the DEAE columns or the histone kinase activity measured
without Ca®* and lipids, which was only 3—7% of that in their
presence.

Lacta preserves autophosphorylated PKC-«a in vivo.
Human fibroblasts were labeled with 32P-orthophosphate for
2 hr and treated with 1 um Bryo and/or 50 uM Lacta in the
labeling medium for 8 hr (Fig. 4A). Lacta strongly preserved
Bryo-induced 32P-labeled PKC-a (Fig. 4A). Lacta alone did
not increase 32P-labeled PKC-« at 8 hr (Fig. 4A) or 1 hr (26).
A 1-hr incubation with 1 uM Bryo maximally increased 32P-
labeled PKC-qa, which subsequently decreased as PKC-« pro-
tein disappeared from the cells (26). Bisindolylmaleimide (2
uM), which selectively inhibits PKC, markedly decreased
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Fig. 3. Proteasome inhibitors preserve PKC activity from down-regu-
lation by PMA or Bryo. The indicated cultures were incubated with 20
uMm Lacta for 1 before the addition of 50 nm Bryo or 0.1 um PMA. After
20 hr, PKC was extracted with Triton X-100 and partially purified by
DEAE-cellulose chromatography as described previously (14). Frac-
tions were assayed for PKC activity and total protein. A sample (6 ug)
of the first column fraction, which contained most of the PKC activity,
was fractionated by SDS-PAGE (10% gel), and PKC-« was visualized
by Western blot analysis. PKC activities are expressed as total activity
divided by total protein eluted from the DEAE cellulose column and are
mean * standard error (three experiments). PKC activity was 4-5 nmol
of phosphate incorporated (ug of protein X 10 min)~" in the first
fraction from control cells. ® and O, 80- and 76-kDa PKC-«a bands,
respectively.

Bryo-induced 32P-labeling of PKC-«a (26), as expected for au-
tophosphorylation. The 76-kDa PKC-a band produced by
Bryo lacked detectable 2P (Fig. 4A), as expected (14, 16).

Phosphatase inhibitors decrease production of the
faster mobility PKC-«a and -e€ and inhibit down-regula-
tion. Orthovanadate, a nonspecific phosphatase inhibitor,
decreased Bryo-induced production of 76 kDa at 2, 4, and 8 hr
and decreased the disappearance of 80-kDa PKC-« at 4 and
8 hr (Fig. 4B). Okadaic acid, which selectively inhibits phos-
phatases PP1 and PP2A (32), strikingly decreased production
of 86-kDa PKC-¢ by Bryo at 4 hr' or 16 hr and preserved
90-kDa PKC-e at 16 hr (Fig. 4C). Okadaic acid slightly inhib-
ited the production of 76-kDa PKC-a and the disappearance
of 80-kDa PKC-a by Bryo.!

Production of >80-kDa ubiquitinylated PKC-a by
Bryo. PKC-a was immunoprecipitated from cell lysates to
readily detect >80-kDa species produced by Bryo (Fig. 5).
The addition of 1-50 uMm Lacta strikingly preserved =80-kDa
PKC-a from down-regulation by Bryo (Fig. 5A). Protection of
PKC-a from down-modulation was significant at 1 um Lacta
and maximal at 20 um (Fig. 5A). The Lacta concentration
dependence for the preservation of PKC-a in vivo is similar to
that for the inhibition of proteasomal peptidase activities in

vitro (19). Lacta by itself did not affect PKC-a protein and did
not produce the >80-kDa species (Fig. 5A).

Fig. 5B shows that the 4F3 antibody, which specifically
recognizes Ub (33), immunostained a ladder of bands, which
were immunoprecipitated with the PKC-a antibody from
cells treated with Bryo and Lacta for 12 hr. The ubiquitiny-
lated proteins had apparent molecular masses of ~90, ~110,
~120 (doublet), and ~180 (smear) kDa (Fig. 5B). The Ub and
PKC-a antibodies immunostained the 90- and 100-kDa
bands, showing that they are ubiquitinylated PKC-«. Note
the reciprocal intensities of 90- and 110-kDa bands immuno-
stained by the two antibodies (Fig. 5B). A greater stoichiom-
etry of Ub per PKC-a presumably explains the darker stain-
ing of the 110-kDa band by the Ub antibody and lighter
staining by the PKC-« antibody relative to the 90-kDa band.
The 90-kDa band is probably monoubiquitinylated or diubiq-
uitinylated PKC, and the larger bands contain multiple Ub
molecules per PKC-a. No ubiquitinylated bands were de-
tected in PKC-a immunoprecipitated from untreated cells
(Fig. 5B). The 80- and 76-kDa PKC-«a bands from the Lacta-
and Bryo-treated cells, like the 80-kDa band from untreated
cells, lacked detectable Ub immunostaining (Fig. 5B).

Fig. 5, C and D, shows the time courses of the production of
ubiquitinylated PKC-«a by Bryo in the presence and absence
of a proteasome inhibitor, Lacta or zGLALal. Significantly,
Bryo alone produced ubiquitinylated PKC-a at 1 or 3 hr (Fig.
5, C and D). Ubiquitinylated PKC-« disappeared concomi-
tantly with the disappearance of the 80- and 76-kDa forms of
the kinase (Fig. 5, C and D). Lacta or ZGLALal preserved the
Bryo-produced ubiquitinylated PKC-« at 8 and 24 hr, which
were not detectable in cells treated with Bryo alone (Fig. 5, C
and D).

Synergistic production of multiubiquitinylated
PKC-a by Bryo plus Lacta. The immunostaining of ubig-
uitinylated PKC-a was confirmed with a combination of two
monoclonal antibodies (1B3 and 2C5) that recognize different
Ub epitopes. After a 4-hr incubation with Bryo and/or Lacta,
the cells were lysed in the presence of 5 mm N-ethylmaleim-
ide, which inactivates deubiquitinylating enzymes (34).
PKC-a was immunoprecipitated and subjected to Western
blot analysis with the 1B3 and 2C5 antibodies. The Ub anti-
bodies primarily immunostained an ~180-kDa band (Fig.
6A). Bryo plus Lacta synergistically produced 180-kDa
PKC-a, as shown by immunostaining with Ub or PKC-«
antibodies (Fig. 6A). Bryo or Lacta alone did not markedly
increase the 180-kDa PKC-« (Fig. 6A). The addition of puri-
fied Ub during the incubation with the 1B3 and 2C5 immu-
noglobulins abolished immunostaining of the 180-kDa
PKC-a (Fig. 6A). After immunostaining with the Ub anti-
body, the membrane was stripped, and PKC-a bands were
immunolocalized. The PKC-a antibody recognized multiple
>80-kDa species, including the 180-kDa band (Fig. 6A). The
1B3 and 2C5 immunoglobulins were unable to detect shorter
Ub chains, which is in contrast to the 4F3 antibodies (Figs.
5B and 6A), which recognized both short and multi-Ub chains
(Fig. 5B). To maximize the amount of PKC-a immunoprecipi-
tated, a large amount of lysate was used relative to the
amount of immunoprecipitating antibody. This explains the
apparent lack of disappearance of the 80-kDa band in the
Bryo-treated cells (Fig. 6A). The data shown in Figs. 5 and 6
show that Bryo induces ubiquitinylation of PKC-« and that
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Fig. 4. Lacta preserves Bryo-induced *?P-labeled PKC-«, and phosphatase inhibitors decrease production of 76-kDa PKC-« and 86-kDa PKC-e.
A, Cultures were incubated in phosphate-free DMEM with 1 mCi of [*2PJorthophosphate for 2 hr before the addition of 50 um Lacta. At 1 hr later,
1 um Bryo was added, and the incubation was continued for 8 hr. PKC-a was extracted with LB and immunoprecipitated from 0.24 mg of protein
with 2.5 g of monoclonal antibody. Proteins were separated by SDS-PAGE (10% gel). PKC-a was visualized by Western blot analysis, and the
membrane was autoradiographed to detect ®P. Arrowheads, ubiquitinylated PKC-a bands. ® and O, 80- and 76-kDa PKC-a bands, respectively.
B, Cultures were incubated for 1 hr with 5 mm sodium orthovanadate before the addition of 1 um Bryo as indicated. After the indicated interval,
proteins were extracted with LB, and PKC-a was immunoprecipitated from 0.16 mg of lysate protein with 2.5 ug of monoclonal antibody.
Immunoprecipitates were fractionated by SDS-PAGE (10% gel), and PKC-« was visualized by Western blot analysis. C, Cultures were incubated
for 1 hr with 1 um okadaic acid before the addition of 1 um Bryo as indicated. At 16 hr later, they were extracted with LB, and proteins (30 ng)
were fractionated by SDS-PAGE (7% gel). PKC-e was visualized by Western blot analysis. A and A, 90- and 86-kDa PKC-e bands, respectively.

the proteasome inhibitors spare multiubiquitinylated PKC-«
from degradation.

Lacta preserved >90-kDa PKC-e¢ species produced by
Bryo. Fig. 6B shows that Bryo induced the production of
>90-kDa PKC-e species, which accumulated in the presence
of Lacta. Thus, it is likely that the >90-kDa species are
ubiquitinylated because they accumulated in the presence of
Lacta. We were unable to detect ubiquitinylated PKC-e with
the 1B3 and 2C5 antibodies, and the 4F3 antibody is no
longer available. The cells seem to contain less than one fifth
as much of the € as of the « isoform, as estimated by Western
blot analysis with purified recombinant PKC-a and PKC-€ as
standards.! Apparently, an insufficient amount of multiubiq-
uitinylated PKC-e accumulated during the Bryo-plus-Lacta
treatment to detect with the antibodies.

Discussion

The following observations support the hypothesis that the
Ub/proteasome system is primarily responsible for the intra-
cellular degradation of a novel and a conventional isoform of
PKC and, by inference, several other isoforms. First, Western
blot analysis indicated that Bryo produced PKC-a and -e
species in human fibroblasts that were larger than the native
isozymes. Immunostaining with different Ub antibodies con-

firmed that the larger PKC-a species are multiubiquitiny-
lated (Figs. 5 and 6). Previously, we showed that Bryo in-
duced ubiquitinylation of PKC-« in both in vivo experiments
with epithelial cells and in vitro (16). Second, two structur-
ally diverse proteasome inhibitors, Lacta and ZGLALal,
spared PKC-a and -e from down-regulation by Bryo or PMA
in human fibroblasts (Figs. 2 and 3). Lacta also spared auto-
phosphorylated PKC-a, which is the active form of the kinase
in vivo (Fig. 4A). Perhaps Ub carboxyl-terminal hydrolases
regenerated active kinase from ubiquitinylated PKC. Alter-
natively, inhibition of the proteasome may deplete free Ub,
which is recycled as ubiquitinylated proteins are degraded
(17), and thereby prevent further ubiquitinylation. Third, Ub
immunostaining showed that the combination of Bryo plus
Lacta synergistically increased multiubiquitinylated ~180-
kDa PKC-a (Fig. 6A). This is the result expected if Bryo
induces ubiquitinylation of PKC and Lacta blocks its degra-
dation. Finally, inhibitors of calpains, cathepsins, lysosomal
proteolysis, and vesicle trafficking did not affect down-regu-
lation of PKC-« or -€ (Fig. 1). Note that the Ub/proteasome
pathway apparently makes a major contribution to down-
regulation at lower and higher doses of Bryo and PMA. Lacta
substantially spared total PKC activity and PKC-a protein
from down-regulation by 50 nMm Bryo or 100 nm PMA (Fig. 3)
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Fig. 5. Bryo produces >80-kDa ubiquitinylated PKC-« species that are preserved by proteasome inhibitors. A, Cultures were incubated with the
indicated concentration of Lacta for 1 hr before the addition of 1 um Bryo as indicated. At 8 hr later, PKC-a was extracted with LB and
immunoprecipitated from 0.23 mg of protein with 2.5 ug of antibody. Immunoprecipitated proteins were separated by SDS-PAGE (10% gel), and
PKC-a was visualized by Western blot analysis. B, Cultures were incubated in the presence or absence of 50 um Lacta for 1 hr before the addition
of 1 um Bryo as indicated. At 12 hr later, the cultures were extracted with LB, and PKC-a was immunoprecipitated from 2 mg of lysate protein
with 10 ng of antibody. Ubiquitinylated proteins were visualized by Western blot analysis with 4F3 antibody. PKC-«a bands were immunostained
after detection of ubiquitinylated proteins. C and D, Cultures were incubated with 50 um Lacta (C) or a 50 um concentration of the indicated peptidyl
aldehyde or alcohol (D) for 1 hr before the addition of 1 um Bryo. After the indicated interval, proteins were extracted with LB, and PKC-«a was
immunoprecipitated from 0.4 (C) or 0.2 (D) mg of lysate with 2.5 ug of antibody. Immunoprecipitated proteins were fractionated by SDS-PAGE
(10% gel), and PKC-« was visualized by Western blot analysis. Molecular mass markers are indicated (kDa). ® and O, 80- and 76-kDa PKC-«

bands, respectively. Arrowheads, ubiquitinylated PKC-« bands.

and spared PKC-a and PKC-¢ proteins from down-regulation
by 1 um Bryo or PMA (Fig. 2).

Some reports have implicated calpains in the down-regu-
lation of PKC (22, 23). Most notably, Eto et al. (22) showed
that AcLLNal (calpain inhibitor I) and a 27-mer calpastatin
peptide inhibited the disappearance of PKC-e produced by
TRH in pituitary GH,C, cells. However, AcLLNal is a mod-
erately potent inhibitor of the 26S proteasome (28), and
E64d, which is a cell-permeant cysteine protease inhibitor,
did not affect TRH-induced down-regulation of PKC-¢ (22).
Curiously, a 34-mer calpastatin peptide (the 27-mer with
seven additional carboxyl-terminal residues) inhibited the
degradation of Mos, which is known to be multiubiquitiny-
lated and degraded by the proteasome (35). Calpain either
plays a role in PKC-e and Mos degradation, which seems
unlikely because of their insensitivity to calpain inhibitors
other than the calpastatin peptides (22, 35, and current re-
port), or treatment with the calpastatin peptides inhibited
the Ub/proteasome pathway. Calpastatin peptides may inde-
pendently block the Ub/proteasome pathway and calpains
because calpastatin and Ub share some amino acid sequences
(36). Neither E64d nor calpain inhibitor II (AcLLMal) af-
fected the disappearance of PKC-a or -e evoked by Bryo in
human fibroblasts (Fig. 1). Interestingly, AcLLNal preserved
PKC-a and -€ from down-regulation by Bryo (Fig. 1), which is

in agreement with the preservation of PKC-e from down-
regulation by TRH (22). Although AcLLNal and AcLLMal are
nearly equipotent calpain inhibitors, AcLLNal is much more
potent toward proteasomal peptidase activities than AcLL-
Mal (28). Studies of m-calpain-sensitive and -resistant mu-
tants of PKC-a expressed in COS-1 cells suggest that m-
calpain is not responsible for down-regulation produced by
PMA (20). Taken together, these findings suggest that the
down-regulation of PKC-«a or -e€ by the Ub/proteasome path-
way is independent of calpains.

Polypeptide segments, dubbed PEST sequences, are known
to target proteins for degradation by the proteasome (for a
review, see Ref. 18). PEST sequences are hydrophilic seg-
ments that contain at least one proline, one glutamic acid or
aspartic acid, and one serine or threonine. They lack posi-
tively charged residues (lysine, arginine, or histidine), which
flank the sequence. Table 1 shows PEST sequences in con-
ventional («, B, and vy), novel (5, €, 1, and 60), and atypical (v
and ¢) PKC isoforms. All of the isoforms except PKC-8 have
one or more sequences with positive PEST-FIND scores (Ta-
ble 1). Other peptide motifs, such as the cyclin destruction
box, KFERQ motifs, and threonine-proline or serine-proline
pairs, also can target proteins for destruction by the protea-
some (18). Although it is not known how PEST sequences are
recognized, protein kinases and phosphatases recognize
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A, 4n

Ub mAb PKC-a Ub mAb + Ub
= 200
- 116
T 97
= B 6 6

- B BL L

B,24n
PKC-¢
— 200

TABLE 1

: o 116
| T 97

— 66
B L BL

PEST sequences of human PKC isoforms
The PEST-FIND algorithm (18) was used at the Genetic Data Environment WWW server at the Institute for Molecular Biotechnology (Jena, Germany). PEST sequences

with scores of =1 are shown.

Fig. 6. Bryo and Lacta synergistically increase
ubiquitinylated PKC-a and >90-kDa PKC-e
species. Cultures were incubated with 50 um
Lacta (L) for 1 hr before the addition of 1 um
Bryo (B) as indicated. At 4 hr (A) or 24 hr (B)
later, proteins were extracted with LB contain-
ing 5 mm N-ethylmaleimide, and PKC-a was
immunoprecipitated from 2 mg of lysate with 10
ung of PKC-a (A) or PKC-e (B) antibody. Immu-
noprecipitates were fractionated by SDS-PAGE
(7% gel) and transferred to nitrocellulose, and
ubiquitinylated proteins were visualized with
the combination of 1B3 and 2C5 antibodies (Ub
mAb). The blots were stripped and immuno-
stained for PKC-a or PKC-€ as indicated. The
mouse immunoglobulin chains are absent be-
cause they ran off the gel, which was electro-
phoresed for 525 V-hr to resolve the faster and
slower PKC-a and -e bands. After immuno-
staining for PKC-«, the blot was stripped, au-
toclaved, and immunostained with the 1B3 and
2C5 antibodies in the presence of 0.2 mg/ml
purified Ub (Ub mAb + Ub). Finally, the blot
was stripped, autoclaved, and immunostained
again with the 1B3 and 2C5 antibodies. The last
immunostaining (not shown) primarily identified
the 180-kDa band in the Bryo plus Lacta (BL)
sample, similar to the first immunostaining. Mo-
lecular mass markers are indicated (kDa). ® and
O, 80- and 76-kDa PKC-a bands, respectively.
A and A, 90- and 86-kDa PKC-¢ bands, re-
spectively. Arrowheads, ubiquitinylated PKC-«
species and >90-kDa PKC-¢ band.

PK PEST
isofo?m PEST sequence SC(;Sre
«a 91KGPDTDDPR99 13.8
B-1 1MADPAAGPPPSEGEESTVR19 8.9
B-ll 91KGPASDDPR99 1.9
276KLLSQEEGEYFNVPVPPEGSEANEELR302 2.4
y 90KGPQTDDPR98 4.5
316RMGPSSSPIPSPSPSPTDPK335 16.2

8 None found
€ 322KLIAGAESPQPASGSSPSEEDR343 8.2
n 649KEEPVLTPIDEGH661 2.9
0 339REPQGISWESPLDEVDK355 4.7
I4 51KWVDSEGDPCTVSSQMELEEAFR73 1.2
86HVFPSTPEQPGLPCPGEDK104 3.6
175HMDSVMPSQEPPVDDK190 4.1
190KNEDADLPSEETDGIAYISSSR211 6.4
521KQALPPFQPQITDDYGLDNFDTQFTSEPVQLTPDDEDAIK560 3.3
L 60KWIDEEGDPCTVSSQLELEEAFR82 2.0
531KPNISGEFGLDNFDSQFTNEPVQLTPDDDDIVR563 1.7

some PEST and non-PEST segments that target proteins for
rapid degradation. Phosphorylation of certain threonine or
serine residues triggers ubiquitinylation of several proteins
whose degradation by the proteasome is inducible by exter-
nal stimuli [e.g., IkB-a, cyclins, and the c-Fos/c-Jun het-
erodimer (17, 18, 37-39)]. Dephosphorylation of Ser3 of Mos

evokes ubiquitinylation of Lys34 and degradation by the
proteasome (35). Stimulus-induced dephosphorylation and
degradation of PKC seems to be analogous to Mos.
Previously, we proposed that nonphosphorylated PKC-« is
an intermediate in the down-regulation pathway in renal
epithelial cells (14, 16). Bryo produced nonphosphorylated
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76-kDa PKC-a and an analogous 86-kDa form of PKC-¢ in
human fibroblasts (Figs. 2A, 4, and 6). Ubiquitinylation of
PKC-« in vitro required the nonphosphorylated 76-kDa form
of the kinase (16). Okadaic acid, a selective inhibitor of phos-
phatases PP1 and PP2A (32), decreased Bryo-evoked produc-
tion of 86-kDa PKC-e and inhibited down-regulation (Fig.
4C). Although okadaic acid slightly affected down-regulation
of PKC-q, the nonselective phosphatase inhibitor orthovana-
date clearly decreased production of 76-kDa PKC-«a and in-
hibited down-regulation (Fig. 4B). Okadaic acid selectively
antagonized Bryo-induced down-regulation of PKC-¢, appar-
ently by inhibiting its dephosphorylation. The selectivity of
okadaic acid toward the e isoform of PKC suggests that the
involvement of different phosphatases, at least in part, ac-
counts for the slower and less efficient down-regulation of
PKC-e relative to PKC-a. Okadaic acid induces ubiquitinyla-
tion and degradation of IkB-« in vivo (40) and only slightly
affected the Bryo-induced down-regulation of PKC-«, which
shows that the phosphatase inhibitor does not usually sup-
press the Ub/proteasome pathway. These findings support
the view that dephosphorylation produces 86-kDa PKC-¢ and
that dephosphorylated forms of PKC-a and -€ are obligatory
intermediates in down-regulation. The relationship between
the phosphorylation state of certain threonine or serine res-
idues of PKC and ubiquitinylation remains to be clarified.

References

1. Mahoney, C. W., and K.-P. Huang. Molecular and catalytic properties of
protein kinase C, in Protein Kinase C (J. F. Kuo, ed.). Oxford University
Press, New York, 16-63 (1994).

2. Newton, A. C. Protein kinase C: structure, function, and regulation.
J. Biol. Chem. 270:28495-28498 (1995).

3. Smith, J. B., L. Smith, and G. R. Pettit. Bryostatins: potent new mitogens
that mimic phorbol ester tumor promoters. Biochem. Biophys. Res. Com-
mun. 132:939-945 (1985).

4. Szallasi, Z., C. B. Smith, G. R. Pettit, and P. M. Blumberg. Differential
regulation of protein kinase C isozymes by bryostatin 1 and phorbol 12-
myristate 13-acetate in NIH 3T3 fibroblasts. /. Biol. Chem. 269:2118-2124
(1994).

5. Huwiler, A., D. Fabbro, and J. Pfeilschifter. Comparison of different tu-
mour promoters and bryostatin 1 on protein kinase C activation and
down-regulation in rat renal mesangial cells. Biochem. Pharmacol. 48:
689-700 (1994).

6. Burns, D. J., and R. M. Bell. Protein kinase C contains two phorbol ester
binding domains. J. Biol. Chem. 266:18330-18338 (1991).

7. Slater, S. J., C. Ho, M. B. Kelly, J. D. Larkin, F. J. Taddeo, M. D. Yeager,
and C. D. Stubbs. Protein kinase Ca contains two activator binding sites
that bind phorbol esters and diacylglycerols with opposite affinities.
J. Biol. Chem. 271:4627-4631 (1996).

8. Szallasi, Z., K. Bogi, S. Gohari, T. Biro, P. Acs, and P. M. Blumberg.
Non-equivalent roles for the first and second zinc fingers of protein kinase
Co: effect of their mutation on phorbol ester-induced translocation in NIH
3T3 cells. oJ. Biol. Chem. 271:18299-18301 (1996).

9. Hennings, H., P. M. Blumberg, G. R. Pettit, C. L. Herald, R. Shores, and S.
H. Yupsa. Bryostatin 1, an activator of protein kinase C, inhibits tumor
promotion by phorbol esters in SENCAR mouse skin. Carcinogenesis
8:1343-1346 (1987).

10. Kraft, A. S., J. B. Smith, and R. L. Berkow. Bryostatin, an activator of the
calcium phospholipid-dependent protein kinase, blocks phorbol ester-
induced differentiation of human promyelocytic leukemia cells HL-60.
Proc. Natl. Acad. Sci. USA 83:1334-1338 (1986).

11. Tallant, A., J. B. Smith, and R. W. Wallace. Bryostatins mimic the effects
of phorbol esters on the activation of protein kinase C in intact human
platelets. Biochim. Biophys. Acta 929:40-46 (1987).

12. Sako, T., S. H. Yupsa, C. L. Herald, G. R. Pettit, and P. M. Blumberg.
Partial parallelism and partial blockage by bryostatin 1 of effects of phor-
bol ester tumor promoters on primary mouse epidermal cells. Cancer Res.
47:5445-5450 (1987).

13. Isakov, N., D. Galron, T. Mustelin, G. R. Pettit, and A. Altman. Inhibition
of phorbol ester-induced T-cell proliferation by bryostatin is associated
with rapid degradation of protein kinase C. J. Immunol. 150:1195-1204
(1993).

14. Lee, H.-W., L. Smith, G. R. Pettit, and J. B. Smith. Dephosphorylation of
activated protein kinase C contributes to downregulation by bryostatin.
Am. J. Physiol. 271:C304—C311 (1996).

15. Young, S., P. J. Parker, A. Ullrich, and S. Stabel. Down-regulation of
protein kinase C is due to an increased rate of degradation. Biochem. oJ.
244:775-779 (1987).

16. Lee, H.-W., L. Smith, G. R. Pettit, A. Vinitsky, and J. B. Smith. Ubiquiti-
nation of protein kinase C-a and degradation by the proteasome. J. Biol.
Chem. 271:20973-20976 (1996).

17. Ciechanover, A. The ubiquitin-proteasome proteolytic pathway. Cell 79:
13-21 (1994).

18. Rechsteiner, M., and S. W. Rogers. PEST sequences and regulation by
proteolysis. Trends. Biochem. Sci. 21:267-271 (1996).

19. Fenteany, G., R. F. Standaert, W. S. Lane., S. Choi, E. J. Corey, and S. L.
Schreiber. Inhibition of proteasome activities and subunit-specific amino-
terminal threonine modification by lactacystin. Science (Washington D. C.)
268:726-731 (1995).

20. Junco, M., C. Webster, C. Crawford, L. Bosca, and P. J. Parker. Protein
kinase C V3 domain mutants with differential sensitivities to m-calpain
are not resistant to phorbol-ester- induced down-regulation. Eur. J. Bio-
chem. 223:259-263 (1994).

21. Goode, N. T., M. A. N. Hajibagheri, and P. J. Parker. Protein kinase C
(PKC)-induced PKC down-regulation: association with up-regulation of
vesicle traffic. J. Biol. Chem. 270:2669-2773 (1995).

22. Eto, A., Y. Akita, T. C. Saido, K. Suzuki, and S. Kawashima. The role of the
calpain-calpastatin system in thyrotropin-releasing hormone-induced se-
lective down-regulation of a protein kinase C isozyme, nPKCe, in rat
pituitary GH,C, cells. J. Biol. Chem. 270:25115-25120 (1995).

23. Kishimoto, A., K. Mikawa, K. Hashimoto, I. Yasuda, S.-I. Tanaka, M.
Tominaga, T. Kuroda, and Y. Nishizuka. Limited proteolysis of protein
kinase C subspecies by calcium-dependent neutral protease (calpain).
oJ. Biol. Chem. 264:4088-4092 (1989).

24. Smith, J. B., S. D. Dwyer, and L. Smith. Decreasing extracellular Na™
concentration triggers inositol polyphosphate production and Ca%* mobi-
lization. J. Biol. Chem. 264:831-837 (1989).

25. Pettit, G. R., C. L. Herald, D. L. Doubek, and D. L. Herald, E. Arnold, and
J. Clardy. Isolation and structure of bryostatin 1. J. Am. Chem. Soc.
104:6846-6848 (1982).

26. Lee, H.-W. Bryostatin downregulates protein kinase C by production of
incompetent enzyme and degradation by the ubiquitin-proteasome path-
way. Doctoral dissertation, University of Alabama at Birmingham, Bir-
mingham, AL (1996).

27. Shoji-Kasai, Y., M. Senshu, S. Iwashita, and K. Imahori. Thiol protease-
specific inhibitor E-64 arrests human epidermoid carcinoma A431 cells at
mitotic metaphase. Proc. Natl. Acad. Sci. USA 85:146-150 (1988).

28. Rock, K. L., C. Gramm, L. Rothstein, K. Clark, R. Stein, L. Dick, D.
Hwang, and A. L. Goldberg. Inhibitors of the proteasome block the degra-
dation of most cell proteins and the generation of peptides presented on
MHC class I molecules. Cell 78:761-771 (1994).

29. Sepp-Lorenzino, L., Z. Ma, D. E. Lebwohl, A. Vinitsky, and N. Rosen.
Herbimycin A induces the 20 S proteasome- and ubiquitin-dependent
degradation of receptor tyrosine kinases. J. Biol. Chem. 270:16580-16587
(1995).

30. Tartakoff, A. M. Perturbation of vesicular traffic with the carboxylic iono-
phore monensin. Cell 32:1026-1028 (1983).

31. Pelham, H. R. B. Multiple targets of brefeldin A. Cell 67:449—451 (1991).

32. Cohen, P, and P. T. W. Cohen. Protein phosphatases come of age. «J. Biol.
Chem. 264:21435-21438 (1989).

33. Guarino, L. A., G. Smith, and W. Dong. Ubiquitin is attached to mem-
branes of baculovirus particles by a novel type of phospholipid anchor. Cell
80:301-309 (1995).

34. Haas, A. L., and P. M. Bright. The immunochemical detection and quan-
titation of intracellular ubiquitin-protein conjugates. J. Biol. Chem. 260:
12464-12473 (1985).

35. Nishizawa, M., N. Furuno, K. Okazaki, H. Tanaka, Y. Ogawa, and N.
Sagata. Degradation of Mos by the N-terminal proline (Pro?)-dependent
ubiquitin pathway on fertilization of Xenopus eggs: possible significance of
natural selection for Pro? in Mos. EMBO oJ. 12:4021-4027 (1993).

36. Rechsteiner, M. Regulation of enzyme levels by proteolysis: the role of
PEST regions. Adv. Enzyme Regul. 27:135-151 (1988).

37. Brown, K., S. Gerstberger, L. Carlson, G. Franzoso, and U. Siebenlist.
Control of IkB-a proteolysis by site-specific, signal-induced phosphoryla-
tion. Science (Washington D. C.) 267:1485-1488 (1995).

38. Lahav-Baratz, S., V. Sudakin, J. V. Ruderman, and A. Hershko. Reversible
phosphorylation controls the activity of cyclosome-associated cyclin-
ubiquitin ligase. Proc. Natl. Acad. Sci. USA 92:9303-9307 (1995).

39. Papavassiliou, A. G., M. Treier, C. Chavrier, and D. Hohmann. Targeted
degradation of c-Fos, but not v-Fos, by a phosphorylation-dependent signal
on c-Jun. Science (Washington D. C.) 258:1941-1944 (1992).

40. Chen, Z., J. Hagler, V. J. Palombella, F. Melandri, D. Scherer, D. Ballard,
and T. Maniatis. Signal-induced site-specific phosphorylation targets IeBa
to the ubiquitin-proteasome pathway. Genes Dev. 9:1586-1597 (1995).

Send reprint requests to: Dr. Jeffrey B. Smith, Department of Pharmacol-
ogy and Toxicology, Volker Hall, G133E, 1670 University Boulevard, Birming-
ham, AL 35294-0019. E-mail: jeff.smith@ccc.uab.edu

2102 ‘T Jaquiadag uo 1sanb Aq 6o sjeusnofiadse wieydjow wol) papeojumoq


http://molpharm.aspetjournals.org/

