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ABSTRACT

Since evidence indicates that phorbol ester-induced production of
interleukin 2 requires transcription, we investigated the possibility that
the phorbol ester receptor acts directly in the nuclei of EL4 thymoma
cells. Using a procedure that minimized plasma membrane contamination
(as measured by S'-nucleotidase activity) and maintained the integrity of

the double nuclear membrane, we were unable to detect specific binding
of |3H]phorbol 12,13-dibutyrate in nuclei of unstimulated cells. Treatment
of cells with phorbol 12,13-dibutyrate (100 n\i, 37Â°C)for up to 6 h did

not cause appearance of phorbol ester binding capacity in nuclei (4 Â±8%
of homogenate value; S'-nucleotidase activity = 10 Â±3%) despite trans-

location of 40% of the cytosolic binding capacity to the plasma membrane
fraction. The failure to detect nuclear binding capacity in treated cells
was not due to occupation of nuclear sites with unlabeled ligand; effective
exchange binding was demonstrated by recovery of total homogenate
binding capacity in treated cells of 82 Â±13% of that in untreated cells.
Treatment of isolated nuclei with DNase to liberate DNA binding proteins
also failed to reveal any nuclear phorbol ester binding capacity. Assay of
nuclei for protein kinase C enzymatic activity gave similar negative
results. These data argue strongly against a direct action of the intact
phorbol ester receptor (or the phorbol ester binding fragment) in the
transcriptional activation of interleukin 2 in 114 cells but cannot rule
out the possibility of a role for the catalytic fragment.

INTRODUCTION

Treatment of EL4 thymoma cells with PEs4 causes inhibition

of growth, adherence of the cells to substrate, and production
of a number of lymphokines including IL2 (1,2). Several types
of evidence indicate that IL2 production requires RNA and
protein synthesis. First, IL2 is not detectable until 6 h following
stimulation of the producing cells, and maximal activity is not
reached until 24-48 h (3). Second, production has been inhib
ited by both mRNA and protein synthesis inhibitors (4). Third,
mRNA has been isolated from PE-stimulated EL4 cells (3) and
lectin- (5) or lectin- and PE-stimulated (6) human lymphocytes
and translated in vitro into biologically active IL2. More re
cently, human (7) and mouse (8) IL2 mRNA has been detected
using complementary DNA probes. Finally, the hypothesis that
the increased mRNA is a result of increased transcription,
rather than stabilization, is strongly supported by nuclear "run-
on" experiments showing detection of newly synthesized IL2

mRNA in isolated nuclei from stimulated human Jurkat cells
(9) as well as by recent findings in our laboratory that no IL2
mRNA can be detected in unstimulated EL4 cells even in the
presence of protein synthesis inhibitors (10). Collectively, these
data indicate that a mechanism must exist for transducing the
PE signal to the nucleus.

All available evidence indicates that the receptor for PEs is
the Ca2+- and phospholipid-dependent protein kinase, PK-C.
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PEs replace the diacylglycerol requirement for activating PK-C
(11), diacylglycerols compete with PEs for binding to the PE
receptor (12), and both PE binding and PK-C activities have
been shown to coelute during purification to apparent homo
geneity (13, 14). We have identified PE receptors in intact EL4
cells (2) as well as in cytosolic and crude membrane fractions
(15), and we demonstrated that the PE binding exhibits the
same requirements for phospholipid as does the kinase activity
(15). Treatment of EL4 cells with PE causes loss of PK-C
activity from the cytosol (16) concomitant with translocation
of PE binding capacity from cytosol to crude membrane (17).
Although several potential substrates for PK-C have been iden
tified in cytosol of EL4 cells (18), mechanisms for transducing
the signal to the nucleus remain unknown.

One hypothesis for this signal transduction is that PK-C may
exist in or translocate to the nucleus (or nuclear membrane).
Many of the membrane preparations in which PK-C has been
found were crude and thus included all of the organdÃes [mi
tochondria, endoplasmic reticulum, plasma membrane, nuclei
(e.g., 15, 19)]. Therefore, localization to a specific membrane
within the cell could not be determined. Perrella et al. have
reported that [3H]PMA binding capacity exists in the nuclei of

mouse epidermal (20) and liver cells (21). However, several
problems in interpreting or generalizing from these data exist:
a) PMA rather than the less lipophilic ligand, PDB, was used.
PMA exhibits very high nonspecific binding (19). b) The bind
ing was of relatively low affinity for this ligand (KA= 2-5 HM).
c) The percentage of the total PMA binding capacity of the
cells present in nuclei (9% of the homogenate value) was similar
to the amount of plasma membrane contamination present in
the nuclear fraction (7% of the homogenate value), d) Detergent
was used in the isolation of the nuclei and it has been reported
that detergents cause the solubilization of the outer nuclear
membrane (22). Thus, if PK-C were binding to this membrane,
it would not have been detected.

We have isolated nuclei by a technique that maintains the
integrity of the nuclear membranes and have reexamined them
for the presence of PE receptors. Our results fail to demonstrate
PDB binding capacity or PK-C activity in nuclei from control
of PE-treated cells.

MATERIALS AND METHODS

Materials

PDB, PMA, AMP, AMPCP, phosphatidylserine, diolein, DNase I,
and Hoechst Dye 33258 were purchased from Sigma Chemical Co.
Forskolin was from Calbiochem-Behring Corp. [3H]PDB (15.8 Ci/
mmol in ethanol) was purchased from New England Nuclear, [aâ€”32P]-
ATP and [-Â»--32P]ATP(75-130 Ci/mol) were obtained from the Uni

versity of Virginia Diabetes Research and Training Center core lab,
and [8-uC] 5'-AMP (57 mCi/mmol) was from ICN (Irvine, Ã‡A).EL4
cells were grown in RPMI 1640 medium with 5% heat-inactivated fetal
calf serum (Gibco Laboratories) as previously described (2).

Isolation of Nuclei and Other Subcellular Fractions

Method 1: Cell Lysis in Isosmotic Sucrose. Cells were isolated and
resuspended at a concentration of 2 x 10 /ml in Buffer 1 [0.32 M
sucrose, 3 HIMCaCl2, 2 mM Mg(CH3COOH)2, 0.1 mM EDTA, 2 mM
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100 â€¢

Fig. 1. Electron micrograph of nuclei isolated from untreated EL4 cells. Nuclei
were isolated by nitrogen cavitaiion/sucrose density centrifugation as described
in "Materials and Methods". A small aliquot was recentrifuged (600 x g for 10
min) and the pellet was then treated as described by Purdy-Ramos and Forbes
(36). x 10.000.

isolated by N2 cavitation/sucrose gradient centrifugation. The
central nucleus has both inner and outer membranes. Several
mitochondria are also present, some expanded to maximum
size. No combination of procedures gave nuclei that were free
of contamination by mitochondria (as determined by the pres
ence of cytochrome c oxidase).

To determine whether any PE receptor (PE-R and by infer
ence PK-C) was present in nuclei of EL4 cells, the binding of
[3H]PDB to the nuclei was investigated. Fig. 2A shows that all

of the binding capacity in the homogenate could be accounted
for by the binding present in the cytosol and plasma membrane.
No PE binding could be detected in the nuclei.

Since it is possible that PE-R/PK-C exists in the nucleus only
after treatment of cells with PE, the binding of [3H]PDB to the
nuclei of PE-treated cells was investigated. This experiment
required that there be effective exchange binding between any
unlabeled PE remaining in the cells after treatment and the
[3H]PDB in the binding assay. When cells were incubated with

PMA, effective exchange for the less potent and less lipophilic
pHJPDB was not obtained (data not shown). Treatment of cells
with PDB allowed for adequate exchange binding as demon
strated by a recovery of binding in the PDB-treated cells of 82
Â±13% of the homogenate binding of untreated cells.

As shown in Fig. 2B, specific PDB binding capacity in nuclei
of cells treated with PDB (100 nM for 30 min) was 4% of the
homogenate value. However, this binding could be easily ac
counted for by the plasma membrane contamination (10%) as
shown by the 5'-nucleotidase activity in the nuclear fraction.
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Fig. 2. Specific [3H]PDB binding capacity in fractions of control (A) and PDB-

treated (B) EL4 cells. Cells were treated with 100 nM PDB (treated) or 0.01%
ethanol (control) for 30 min. Cellular fractions were generated and assayed for
PE binding and plasma membrane contamination as described in "Materials and
Methods." Percentage of homogenate value, mean from three (5'-nucleotidase)

or six (binding) experiments, each with triplicate determinations. Control ho
mogenate: 100% binding = 5,610 Â±520 cpm/jÂ¿gDNA; 100% 5'-nucleotidase =
10,880 Â±990 cpmAig DNA. Treated homogenate: 100% Binding = 4,620 Â±600
cpm/ng DNA; 100% 5'-nucleotidase = 11,290 Â±1,310 cpm/^g DNA.

That the cells did respond to PE treatment is clear from the
translocation of about 40% of the cytosolic PE binding capacity
to the total membrane fraction. The total membrane binding
could be completely accounted for by the binding in the plasma
membrane fraction (again arguing against a contribution by the
nuclei) and the total homogenate binding could be accounted
for by the sum of binding in the appropriate fractions.

The whole homogenate 5'-nucleotidase activity could simi

larly be accounted for by the sum of cytosolic and total mem
brane activities, but not by the sum of cytosolic, nuclear, and
plasma membrane activities. We have observed that whereas
the PE binding capacity is stable on ice for up to 20 h, the 5'-

nucleotidase activity rapidly decreases after homogenization of
the cells such that more than 50% is lost after 8 h and activity
is completely absent by 24 h (data not shown). Thus, the failure
to recover all of the 5'-nucleotidase activity in the plasma

membrane is probably due to the extra 1-1.5 h required to
isolate the plasma membrane fraction after isolation of the
nuclei. Since the total membrane could be obtained much more
rapidly and its PE binding could be attributed to the plasma
membrane, we used this fraction routinely.

Since IL2 mRNA is not detectable in EL4 cells until at least
3 h after PE stimulation (10), it is possible that longer times of
PE treatment were needed to cause translocation of PE-R/PK-
C to the nucleus. Fig. 3A shows the amount of [3H]PDB binding

capacity detected in homogenate, cytosol, total membrane, and
nuclei after treatment of EL4 cells with 100 HIM PDB for 0,
0.5, 3, and 6 h. Fig. 3D shows the amount of plasma membrane
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Fig. 3. A, time course for the effect of PDB treatment on subcellular localiza
tion of [3H]PDB binding capacity. Cells were treated for the indicated times with
100 nM PDB, cell fractions were generated, and binding capacity was assayed as
described in "Materials and Methods." Points, average of the two experiments;
values are given as percentages of the time zero homogenate value (100% = 3354
Â±514 cpm/jig of DNA). â€¢.homogenate; A, cytosol; O, total membrane; â€¢.
nuclei.

IS, plasma membrane contamination of the nuclear fraction as a function of
time of PDB treatment. The nuclei in Fig. ÃŒAwere assayed for S'-nucleotidase

activity. Percentage of activity relative to the homogenate value of each time point
is shown. Points, means of triplicate determinations from two experiments (0 and
0.5 h) or one experiment (3 and 6 h); Bars, SE.

Table 1 Effect ofDNase treatment on the detection of^HJPDB binding capacity
in subcellular fractions

Samples of each fraction from treated (100 nM PDB for 30 min) and control
(0.01% ethanol for 30 min) cells were incubated on ice with 950 units/ml DNase
I for 60 min. Aliquots of these samples were then used directly in the binding
assay as described in "Materials and Methods." Values are given as the mean Â±

SE of triplicate determinations in one experiment. Similar results were observed
in two other experiments.

Specific | 'I I|l'l )li binding capacity

(cpm/jig DNA Â±SE)

ConditionControl-DNase+DNasePDB-

treated-DNase-t-DNaseHomogenate3020

Â±2301100Â±
1002540

Â±160830
Â±100Nuclei50

Â±550
Â±2090

Â±5080
Â±10Cytosol2670

Â±2101130
Â±501380

Â±60660
Â±40Total

membrane440

Â±60100
Â±701170

Â±80480
Â±50

contamination (5'-nucleotidase activity) present in the nuclear

fraction isolated at each time point. At all times of treatment,
the amount of binding in the nuclei was less than the amount
of contamination by plasma membrane. Although PEs cause
growth inhibition of EL4 cells, there was no increase in cell
death over the 6-h time period (data not shown), thus a decrease
in cell viability could not have masked an increase in binding
activity in the nuclei with time.

Perrella et al. (20) reported that treatment of nuclei with
DNase I (950 units/ml) increased the amount of [3H]PMA

binding capacity released from nuclei. Since it was possible that

Table 2 PK-C activity in subcellular fractions of PDB-treated and
untreated EL4 cells

Cells were treated with 100 nM PDB for 30 min and the nuclei and cytosol
were then generated as stated in "Materials and Methods." Cytosol values are

normalized to amount of DNA in the homogenate from which they were derived
(Â±SE).Results are from a representative experiment.

PK-C activity
(cpm/Vg of DNA)Â°

Cytosol Nuclei

Plasma membrane con
tamination*

Cytosol Nuclei

Control
Treated

6760 Â±1660
3830 Â±1170

11 Â±370
0

4 Â±0.6%
3 Â±0.3%

25 Â±3%
8 Â±0.6%

" PK-C activity represents the difference in activity with lipids versus without
lipids. Phospholipid-independent activity (5500 Â±1120 cpm/jjg DNA in cytosol)
did not differ between control and PDB-treated samples.

*Given as percentage of 5'-nucleotidase activity in homogenate. Control, 100%
= 10,940 cpm/Vg DNA; treated, 100% = 14,430 cpm/Vg DNA.

our failure to detect nuclear PE binding capacity in EL4 cells
was due to binding of PK-C to DNA, we treated the isolated
nuclei with 950 units/ml ofDNase I. As shown in Table 1, this
treatment did not allow detection of any masked PE binding
sites and actually decreased the overall binding capacity.

It is possible that the PE-R assay is not as sensitive as the
PK-C enzymatic assay and that the enzyme assay might reveal
activity in the nucleus. To test this possibility, PK-C activity
was determined in nuclei of EL4 cells. Table 2 shows that no
PK-C activity could be found in the nuclei before or after
treatment of whole cells with PDB. Cytosolic PK-C activities
are given for comparison.

DISCUSSION

Available evidence indicates that the PE-induced production
of IL2 in EL4 cells requires initiation of transcription (3-10).
A mechanism must therefore exist for transmitting the PE
signal to the nucleus. One hypothesis for how this might happen
is that PE-R/PK-C may exist in nuclei or translocate to nuclei
upon treatment of cells with PE. Our data provide several
pieces of evidence against this hypothesis.

(a) Using a homogenization and nuclei isolation procedure
that minimized the amount of plasma membrane contamination
but maintained the integrity of the double nuclear membrane
(Fig. 1), we could detect no [3H]PDB binding capacity in the

nuclei of control cells (Fig. 2A). The fact that these nuclear
preparations contained most of the mitochondria! cytochrome
c oxidase activity of the cells also argues against the presence
of PE-R in mitochondria.

(b) Treatment of cells with 100 nM PDB for 30 min did not
cause the appearance of [3H]PDB binding capacity in the nuclei,

despite the clear translocation of binding capacity from cytosol
to plasma membrane fractions (Fig. 2B). The conclusion that
no PE-R translocated to nuclei is further supported by the fact
that all of the homogenate binding capacity could be accounted
for by the sum of the binding capacity in the cytosolic and
plasma membrane fractions (Fig. 2B).

(c) Incubation of the cells in the presence of PDB for up to
6 h failed to reveal any [3H]PDB binding capacity in the nuclear

fraction that could not be accounted for by the amount of
plasma membrane contamination (Fig. 3).

(d) Treatment of the isolated nuclei with DNase (950 units/
ml) also did not cause any increase in [3H]PDB binding in the

nuclear fraction that could not be accounted for by the amount
of plasma membrane contamination (Table 1).

(e) In control and treated (100 nM PDB for 30 min) cells, no
PK-C enzymatic activity could be detected in the nuclear frac
tion (Table 2). Use of the detergent NP-40 to solubilize the
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nuclei prior to the assay should not have affected the kinase
activity since its final concentration in the assay was 0.004%,
an amount shown, by its addition to the cytosolic fraction, not
to interfere with the assay.

Although Perrella et al. (20) found [3H]PMA binding in the

nuclei of mouse epidermal cells, the amount of binding (9%
relative to the homogenate value) was very close to the amount
of plasma membrane contamination (7%). These data are in
accordance with our results. Nishizuka (29) has also mentioned
that PK-C is absent or poorly represented in the nuclei of
various cells as determined by immunocytochemistry with
monoclonal antibody. The recent finding in our laboratory (10)
that protein synthesis is required for production of IL2 mRNA
also argues against an action of PE-R/PK-C immediately at
IL2 transcription. Taken together, these results provide strong
support for the conclusion that the PE signaling process does
not involve a direct translocation of intact PE-R/PK-C to the
nucleus.

Several investigations indicate that the proteolytically derived
PE binding fragment is very stable as compared with the simi
larly generated catalytic fragment (30-32). Our results also rule
out involvement of this PE binding fragment in the nucleus,
since the calcium and phospholipid requirements for PE bind
ing to the fragment are similar to those of the intact enzyme
(30-32). However, our use of PE binding and phosphoslipid-
dependent kinase activity as methods of detection of PK-C
precludes us from determining whether the proteolytically de
rived catalytic fragment of PK-C is involved in the PE signal.
Once generated, it is possible that this phospholipid-independ-
ent kinase, lacking PE binding capacity, translocates to the
nucleus and has an action there. Availability of a monoclonal
antibody specific for this kinase might allow detection of this
fragment. However, since the catalytic fragment is so similar in
sequence to other kinases (33-35), it may be difficult to obtain
such a specific monoclonal antibody.

In conclusion, these results favor a mechanism involving an
intermediate factor, perhaps a PK-C substrate, in transduction
of the PE signal to the nucleus; however, a role involving the
catalytic fragment of PK-C cannot be ruled out.
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