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PKC pseudosubstrate consensus sequences can be found in the amino terminal region of all
the different PKC isoenzymes characterized to date. Here we have used four peptides corresponding
to the putative pseudosubstrate sequences from the PKC isoenzymes a, 7y, §, and e. These peptides
showed PKC inhibitory activity when tested in a PKC-specific enzyme assay at concentrations
ol 25 1o 100 uAf, similar 1o what has been reported for the myristylated peptide KRTLR. Although
the presence of a myristyl group af the amino terminal end of'any of these peptides is not essential
for their inhibitory activity, myristylation increased the inhibitory activity significantly. By conirast,
the myristylaled control peptide (GALRQQKNVYHEVKN) was not active even at a 100 pAf
concentsation. All of the PKC inhibitory peplides were also able to block PKC activity in a cell
assay as demonstrated by their ability to inhibit the induction of [L-2R and TNF-8 expression
in Jurkat cells. Finally, we confirmed a previous report of the inhibitory activity of the myristylated
peplide KRTLR and showed that other related peptides (N-m-RLTRK. N-m-RRLKT) are also
aclive in these assays. @ 1994 Academic Press, Inc.

INTRODUCTION

Protein kinase C represents a family of more than seven isoenzymes involved in
the signal transduction mechanism feading to the activation of T cells (1-4). Although
a high degree of sequence homaology i1s seen among all the members of the PK.C family
at their catalitic site {5, 6), there is an important diflerence in the regulatory domain
that results in differential response {0 a variety of activators {7-9). This together with
other lines of evidence (5, 10) indicates that these isoenzymes may have heterogenous
functions in the signal transduction cascade.

In resting ceils the enzyme is kepl in the inactive state by the interaction of the
regulatory domain with the catalytic site (5, [1-13). This interaction is disrupted by
phospholipids and Ca®*, which leads to the proteolytic removal of the inhibitory reg-
vlatory domain (11, 13-t5). Several lines of evidence indicate that this inhibition
occurs through the binding of a putative pscudosubstrate sequence to the substrate
binding site in the catalytic domain of the enzyme (16-19).

This concept has opened a new approach to the generation of specific PKC inhibitors.
In this regard Flouse and Kemp (16) synthesized an octadecapeptide that is a potent
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inhibitor of PK.C. More recently O’Brian ef al. (20) converted a PKC substrate peptide
to an inhibitor by addition of a myristyl group at the amino terminal end of the
peptide. The same myristylated pentapeptide was able to inhibit the expression of the
IL-2R and IL-2 secretion in Jurkat cells activated by PHA or OKT3 mAb in the
presence of TPA (21). We attempted to take these observations one step further, to
try to develop isoenzyme-specific inhibitors, by using peptide pseudosubstrates cor-
responding to the regulatory sequences of different members of the PKC family. Here
we report the PKC inhibitory activity in an enzyme assay of several myristylated and
nonmyristylated peptide pseudosubstrates, and their capacity to block the expression
of IL-2R and TNF-# in activated Jurkat cells.

MATERIALS AND METHODS

Reagents. Phycoerythrin-conjugated anti-IL2 receptor (anti-Tac) antibody was ob-
tained from Becton-Dickinson (Mt. View, CA); I0T3 (anti-CD3) monoclonal antibody
was from AMAC (Westbrook, ME); PKC peptide inhibitor (19-36) and phorbo! 12-
myristate 13-acetate were from Gibco/BRL (Gaithersburg, MD), H7 kinase inhibitor
was purchased from Seikagaku Kogyoco (Tokyo, Japan); aprotinin, benzamidin, and
leupeptine (protease inhibitors) were from Sigma (St. Lows, MQO); AmpliTag DNA
polymerase was obtained from Perkin Elmer (Norwalk, CT); oligonucleotide primers
TNF-3 5 primer ATGACACCACCTGAACGTCTCTTC, TNF-8 3 primer CGA-
AGGCTCCAAAGAAGACAGTACT, IL-2R 5 primer GAATTTATCATTTC-
GTGGTGGGGCA, and IL-2R 3 primer TCTTCTACTCTTCCTCTGTCTCCG
were purchased from Clontech Laboratories (Palo Alto, CA); PKC assay system kit
was purchased from Amersham (Arlington Heights, IL); [y-**P]ATP was obtained
from DuPont NEN (Boston, MA).

Cell culture and activation. Jurkat cells were grown in RPMI 1640 medium with
10% FCS at 37°C and 5% CO; to reach log phase, at which time they were transferred
to fresh medium at a density of 10° cetl/ml. Aliquots of 10-ml cultures were incubated
for 16 hr in the presence or absence of PMA (5 ng/m!), anti-CD3 (2 pg/ml), or both.
PKC inhibitors were added at different concentrations (where indicated) together with
the stimuli to culture., At the-end of the incubation period, cells were harvested by
centrifugation.

Electroporation. Jurkat cells in log phase were recovered by centrifugation and re-
suspended in Hanks’ balanced saline solution plus 20% sucrose at 5 X 10% cell/ml.
Peptides were added to the cell suspension to give final concentrations of 20, 50, 100,
and 200 uAf. Aliquots (400 ul} of cell suspensions were exposed to an electric field in
a gene pulser cuvette (0.2-cm electrode gap) with a gene pulser system from Bio-Rad
(Bio-Rad, Richmond, CA). A pulse of 730 V/cm was delivered for 0.3 msec. After 10
min at 4°C, the cells were removed from the chamber, centrifuged, and resuspended
in fresh medium for analysis.

Cell surface immunofluorescence. Induction of IL-2 receptor expression in Jurkat
cells was determined by immunofluorescence using an antibody against the p55 chain
of the IL-2R molecule {CD 25). Briefly, cells were harvested by centrifugation washed
free of medium and resuspended in Hanks’ balanced solution containing 0.1% NaN,
Cell suspensions were incubated with anti-TAC-PE for 20 min at 4°C and then washed
to remove the free antibody before analysis. Cell flucrescence was analyzed by flow
cytometry using a FACSTAR plus (Becton-Dickinson).
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Message amplification phenotyping (MAPPing). Expression of TNF-8 and IL-2R
mRNA was determined by the MAPPing technique (22). Total RNA was extracted
from cell pellets using RNazol (Biotecx Laboratories, Inc., Houston, TX). First-strand
c¢DNA synthesis was performed as described earlier (23). Polymerase chain reaction
amplification was carried out on a Perkin-Elmer Thermal Cycler set for 33 cycles
using specific primers for human TNF-8 and IL-2R from Clontech. The conditions
for the PCR were as follows: denature 94°C for | min, primer anneal 55°C for 2 min,
and primer extension 72°C for 3 min. PCR products were analyzed by electrophoresis
on |.5% agarose gel.

Peptide synthesis. Based on previous reports three pentapeptides were synthesized
around the PKC pseudosubstrate sequences (KRTLR), as well as longer peptide se-
quences which were derived from the regulatory sequences of the PKC isoenzymes «,
+, 8, and ¢ (Table 1). The syntheses of the different peptides were carried out on a Model
350 Multiple Peptide Synthesizer {Advanced Chemtech, Louisville, KY) using diiso-
propylcarbodiimide/ 1-hydroxybenzotriazole-activated  fluorenylmethyloxycarbonyl
{FMOC)-protected amino acids (Bachem, Torrance, CA). Myristylation of the peptides
was carried out as previously described (20). Fluorescein-labeled peptides were gen-
erated by the reaction of FITC with resin-immobilized protected peptides. After com-
pletion of the synthesis the resin-bound protected peptides were dried and then treated
with 500 gl of trifluoroacetic acid/anisole/dimethylsulfide/ethanedithiol {50:3:3:1) for
3 hr at 0°C. Upon deprotection, 10 m! of anhydrous ether was added to the filtered
mixture and the precipitated peptides were collected by centrifugation and extensively
washed with ether. Dried peptides were purified by RP-HPL.C on a C¢-Vydac (Hes-
peria, CA) column (4.6 mm X 25 ¢cm) in 0.1% trifluoroacetic acid (TFA), using a
lingar gradient of acetonitrile from 0 to 65% over 90 min.

Protein kinase C activity. PKC activity from rat brain extracts was assayed using a
commercially available kit from Amersham. Briefly, rat brain tissue was homogenated
at 4°C in 3 vol of lysis buffer (50 mA Trs—CiH, pH 7.5, 5 mM EDTA; 10 mM
EGTA; 1 mAM PMSF; 10 mAM benzamidine; 10 gg/ml leupeptin; 100 pg/mi aprotinin;
0.3% (w/v) 2-mercaptoethanol; 3 mA DTT; 1% DTT; 1% NP-40} using a Polytron.
The homogenate was incubated for 30 min in ice and then centrifuged at 12,000g for

TABLE |

Peptide Sequences

Peptide Origin Sequence

1 N-m-KRTLR

2 N-m-RLTRK

3 N-m-RRLKT

4 PKC-« RFARKGALRQKNVHEVKN

5 PRC-y FCRKGALRQKVVHEY

6 PKC-¢ RKRQGAVRRRVHQY

7 PKC-8 NRRGAIKQAKIHYIK

8 PKC-« N-m-GALRQKNVHEVKN

9 PKC-+ N-m-FCRKGALRQKVVHEV
10 PKC-¢ N-m-RKRQGAVRRRVHQV
1t PKC-) N-m-NRRGAIKQAKIHYIK
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15 min; the supernatant was used immediately as a source of PKC activity in the
€nzyme assay.

RESULTS

Inhibition of PKC activity by pseudosubstrates. Synthetic peptides, containing pu-
tative PKC pseudosubstrate sequences, were tested for their ability to inhibit PKC in
an “in vitro” enzyme assay using a crude extract from rat brain as the source of PKC
activity,

Two types of peptides were ested (Table 1): one group was composed of myristilated
pentapeptides based on severa! combinations of the amino acids KRTLR; and a second
group was composed of peptides containing between 14 and 18 residues with sequences
based on the regulatory sequences present in the different PKC isoenzymes, All of
these peptides were active in the range of 10 to 100 pAM concentrations (Fig. 1), although
differences in their potency can be seen. The long peptides de not require myristilation
for their inhibitory activity although the presence of the myristyl group at the amino
terminal end of the peptide may shghtly enhance the inhibitory effect. A control peptide
{(GALRQKNVHEVKN) lacking the consensus sequences for a PKC pseudosubstrate
was inactive in this assay at a 100 uM concentration even after myristylation.

[ JconTrRoL
RFARKGALROKNVHEVKN
[ N-m-kRTLR
% [~ ]N-m-ALTRK
160 ~ [ IN-m-RALKT
EE N-m-RKRQGAVARRRVHQY
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FIG. 1. Effect of peptides on PKC enzyme activity. Tissue extracts containing PKC activity were prepared
from rat brain as indicated under Materials and Methods. PKC activity in the crude extract was determined
by measuring the incorporation of *P in the PKC-specific substrate peptide. Differcnt concentrations of
each peptide were added to the reaction mixture to determine their PKC-inhibitory activity. Each experiment
was done in triplicate. Values represent the means £ SD.
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Incorporation of synthetic peptides in Jurkat cefls. To analyze the incorporation of
nonmyristylated peptides by Jurkat cells, peptides were fluorescently tageged at the
amino terminal end with a FITC molecule. These FITC-labeled peptides were used
to study the efficiency of peptide incorporation in Jurkat cells by direct uptake from
the medium or electroporation. Fluorescence microscopy of these samples showed
diffuse and uniform staining, indicating that the peptides can get into the cytoplasm
of the Jurkat cells without electroporation (data not shown). The relative amount of
peptide in the cell was monitored by flow cytometric analysis. Figure 2 shows the
distribution of the cell fluorescense intensity from electroporated and nonelectroporated
cells in the presence of 20 pM FITC-labeled peptide 5. No significant differences were
seen in the uptake of the peptide under these conditions. At the same time the amount
of peptide incorporated into the cells was dependent on the amount of peptide added
to the media as can be seen in Fig. 3. Therefore, since Jurkat cells can absorb smail
peptides from the media without the need to create any artificial pores in the cell
membrane, in all the subsequent experiments described below peptides were added
directly to the medium,

Inhibition of IL-2R expression in Jurkat cells by PKC pseudosubstrates. To study
the eftects of PKC pseudosubstrates on the induction of IL-2R expression, Jurkat cells
were incubated for 18 hr with PMA, anti-CD3, or the combination of PMA and anti-
CD3. Figure 4 shows one representative experiment. Incubation of cells in the presence
of anti-CD3 (2 pg/mb) or PMA (3 ng/ml) resulted in a small but significant induction
of IL-2R expression, while the combination of PMA and anti-CD3 gives a strong
induction, with more than 60% of the cells staining for IL-2R.

Incubation of Jurkat cells with anti-CD3 antibodies in the presence of 75 uM PKC
inhibitory peptide (N-m-KRTLR) or the peptide corresponding to the reverse sequence
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F1G. 2. Incorporation of FITC-tabeled peptides into Jurkat cells. Jurkat cells from a log-phase culture
were recovered by centrifugation and resuspended in medium containing 20 uM FITC-labeled peptide; an
aliquot of the cells was electroporated as indicated under Materials and Methods. Electroporated and non-
electroporated cells were incubated at 37°C for 2 hr and then analyzed by FACS. (- - -) Electroporated
cells, (--+--) nonelectroporated. Cells incubated at 4°C in the presence of the FITC peptide were used as
negative conirol {——).
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FiG. 3. Dose-dependent incorporation of peptide into Jurkat cells. Cells were incubated as indicated in

the legend to Fig. 2 in the presence of different concentrations of FITC peptide, and the amount of peptide

incorporated by the cells was monitored by FACS analysis as indicated under Materials and Methods.

(- = -) 50 pM, (--+--) 100 uM, and (- —-) 200 pAf. Control cells (—) were incubated at 4°C in the
presence of 200 pM peptide.

(N-m-RLTRK) resulted in an inhibition of the induction of IL-2R expression (Fig.
5). Similar effects were found when other PKC-inhibitory peptides were included in
the media at the time of the induction {Table 2). Although the inhibitory activity of
these peptides was not total, the effects were reproducible in five independent exper-
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FIG. 4. Induction of 1L-2R expression in Jurkat cells. Jurkat cells at a concentration of 10%/ml were

incubated for t6 hr at 37°C in the presence of PMA (5 ng/ml) (- - -), anti-CD 3 {2 wg/ml) {---), or the
combination of both (- — - -} as indicated under Materials and Methods. IL-2R expression was determined
by FACS analysis using anti-CD25-phycoerythrin-conjugated antibody as described under Materials and

Methods. Control (——) represent unstimulated cells stained with anti-CD25-phycoerythrin-conjugated
antibody.
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FI1G, 5. Effect of PK.C inhibitory peptides in the induction of IL-2R expression. Jurkat cells were stimulated
with anti-CD3 antibodies as indicated in the legend to Fig. 4 in the presence (- - - -) or absence (- - -} of
75 uM peptide, and IL-2R expression was analyzed by FACS as previously indicated. Control ( ) represents
unstimulated celis stained with anti-CD25-phycoerythrin-conjugated antibody. Top, peptide N-m-KRTLR;
bottom, peptide N-m-RLTRK.

iments. At the same time, the control peptide (N-m-GALRQKNVHEVKN), that
showed no inhibitory activity in the PKC enzyme assay, had no effect in the induction
of IL-2R expression by the different stimuli {(Table 2).

Induction of IL-2R expression was also analyzed at the mRNA level by reverse
transcriptase-PCR (Fig. 6). Treatment of Jurkat cells for 18 hr with PMA (5 ng/ml)
or anti-CD3 (2 ug/m}) resulted in the induction of the expression of the mRNA coding
for the [L-2R p55 chain. As previously shown {21} the induction of IL-2R was blocked
by the PKC inhibitor H-7. In a similar way, the PKC peptide inhibitors (peptides 1
and 2) were also able to block the induction of the IL-2R mRNA by PMA and anti-
CD3, while the control peptide had no effect.

Inhibition of TNF-8 mRNA expression in Jurkat cells by PKC pseudosubstrates. To
extend the previous described effects of these pseudosubstrates, we looked at the effect
of several of these peptides on the induction of TNF-8 expression in Jurkat cells by a
PKC-mediated event. Jurkat cells were stimulated with PMA and anti-CD3 in the
presence or absence of PK.C pseudosubtrates for 18 hr, and induction of TNF-3 mRNA
expression was determined, as indicated previously for IL-2R, by the MAPPing tech-
nique, using specific primers for TNF-3. The results of these analyses are presented



INHIBITION OF T CELL ACTIVATION 35

TABLE 2
Inhibition by PKC Pseudosubstirates of [L-2R Induction in Jurkat Cells Treated with PMA and Anti-CD3

% Inhibition?

Concentration
Peptide (uM) PMA Anti-CD3 PMA + anti-CD3
N-m-KRTLR 50 4 25 15
100 17 50 22
N-m-RLTRK 50 25 35 33
100 53 70 45
N-m-RRLKT 30 10 ND 23
100 12 ND 44
N-m-RKRQGAVARRRVHQV 50 20 13 19
160 ND 42 38
RFARKGALRQKNVHEVKN 50 ND ND 17
100 17 3 52
N-m-GALRQKNVHEVKN 100 —8.0 -8.8 —8.7

9 Percentage of inhibition was calculated by taking the percentage of cells expressing detectable CD25
in the sample that received only the respective inducer as 100% induction.

in Fig. 6. As previously reported (22) unstimulated Jurkat cells did not express de-
tectable levels of TNF-8 mRNA; however, incubation for 18 hr with PMA (5 ng/ml)
or anti-CD3 (2 ug/ml) resulted in the induction of TNF-8 mRNA. Addition of the
PKC inhibitor H-7 at the time of the stimulation blocked the induction of TNF-8
gxpression. In a similar manner, the presence of the mynistylated peptides N-m-KRTLR
and N-m-RLTRK at the time of addition of PMA or anti-CD?3 to the cultures resulted
in inhibition of TNF-8 mRNA induction, while the myristylated control peptide (N-
m-GALRQKNVHEYV) had no effect.

DISCUSSION

The use of peptide pseudosubtrates as specific PKC inhibitors could offer great
opportunities to analyze the signal transduction events involving the activation
of PKC.

In this report we show that different peptides (Table 1) with sequences corresponding
to the putative regulatory site of several PKC isoenzymes were able to inhibit the
activity of PKC in an enzymc assay, with only small differences in their potency, while
a truncated peptide (GALRQKNVHEVKN) containing only part of the pseudosub-
strate sequence had no effect. Although PKC-« and -3/3' represent the majority of the
PKC activity present in rat brain, and PKC-y expression appears to be restricted to
Purkinje cells {5, 10), we found that the PKC-v peptide was as effective PKC inhibitor
as the PKC-« peptide. At the same time the PKC-¢ peptide give a higher degree of
PKC inhibition than was seen with PKC-« peptide. These results indicate that all of
these peptides are capable of inhibiting the major isoenzymes (PKC-« and -8) present
in the rat brain, and they lack isoenzyme specificity in their inhibitory activity at the
concentrations tested. However, more detailed studies using pure isolated PKC iso-
enzymes, and lower concentrations of the inhibitors, would be required to get a good
estimation of their affinity for each isoenzyme.
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Fi1G. 6. Inhibition by PKC pseudosubstrates of [L-2R and TNF-8 mRNA induction. Jurkat cells were
treated with PMA (5 ng/ml) or anti-CD3 (2 ug/ml) for 16 hr at 37°C in the presence of different myristylated
peptides (75 M) or with H-7 (10 pM). Isolated total RNA from each sample was reverse transcribed and
the ¢cDNA pools were amplified by 33 cycles of PCR using specific primers for [L-2R (top) and for TNF-8
{bottom) as indicated under Materials and Methods. Aliquots of the PCR products were analyzed by elec-
irophoresis on a 2% agarose gel in TBE + ethidium bromide.

In a previous report (20) it was shown that myristilation of the pentapeptide KRTLR
converts it from a PKC substrate to an inhibitor. This effect is thought to be due to
an increase in the binding of the peptide through the myristyl group to the enzyme
and, in that way, keeps the peptide in the catalytic site. When we compared the in-
hibitory activity of myristylated and unmyristylated peptide (RKRQGA-
VARRRVHQV} we found that the addition of a myristyl group does increase the
inhibitory activity of the peptide.

We have also compared the inhibitory activity of three myristylated pentapeptides
based on the sequence KRTLR. Qur results showed that the peptide with the reverse
sequence inhibited PKC activity in a manner stmilar to that of the normal peptide,
However, the peptide N-m-RRLKT, where the two arginine residues are located side
by side was less effective in inhibiting PKC activity. Although this peptide does not
have the consensus sequence (RKXXXRXK)} for a PKC pseudosubstrate (13), it is
still able to inhibit PKC activity but at higher concentrations than that seen for the
other peptides.

The inhibition of PKC activity by these pseudosubstrates was also shown in a cell
assay, when we studied their effect in the induction of 1L-2R and TNF-§ expression
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on Jurkat cells by PKC-mediated events. We found that all the pseudosubstrates inhibit
1L-2R and TNF-8 expression at concentrations of 50 to 100 uM. While we did not
see an effect on cell viability for any of the peptide tested at these concentrations, we
found some cytotoxic effects of myristylated peptides at concentrations higher than
150 uM.

A previous report (21) has shown that the peptide N-m-KRTLR inhibited IL-2
secretion and IL-2R induction by TPA plus either PHA or OKT3 mAb in Jurkat cells.
Here we present evidence that the reverse peptide (N-m-RLTRK) and a related peptide
{(N-m-RRLKT) can inhibit the induction of IL-2R expression by PMA, anti-CD3,
and PMA + anti-CD3 in Jurkat cells, when added to the medium at 50 or 100 pdf
(Table 2). Inhibition of PKC activity at a cellular level by these pseudosubstrates was
further characterized by analyzing their effects on TNF-8 mRNA expression after
PMA or anti-CD3 ireatment. The PKC inhibitor H-7 was used here to compare its
inhibitory activity against that of the PKC pseudosubstrates. By looking at the inhibition
of the induction of IL-2R and TNF-3 expression by PMA and anti-CD3, we focused
on the PKC pathway, avoiding any synergistic effects between PMA and anti-CD3,
PMA treatment induces a direct activation of cellular PKC bypassing any receptor-
mediated signal-transduction event, while treatment with anti-CD3 antibodies rep-
resents a more physiological mechanism of PKC activation. Based on this, the analysis
of the effect of the pseudosubstrates on cells treated with PMA or anti-CD3 allows us
to conclude that these peptides are able to inhibit intracellular PKC activity, resulting
in interference with cellular events mediated by PKC activation.

Even though the peptide N-m-RRLKT was less effective as a PKC inhibitor in the
enzyme assay at low concentrations, at higher concentrations it was as effective as the
other two peptides. Given these facts, we found that the inhibition of IL-2R expression
was also inhibited by the peptide N-m-RKRQGAVARRRVHQV, as well as the my-
ristylated pseudosubstrates corresponding to the isoenzymes «, v, and & (data not
shown). These results would indicate either that these pseudosubstrates have no iso-
enzyme specificity or that all the isoenzymes play an intricate part in IL-2R expression.
The latter conclusion 1s less likely given the fact that normal thymocytes lacking PKC-
é readily show IL-2R expression (2), and even more significantly, Jurkat cells as normal
T lymphocytes do not express detectable levels of PKC~y (3, 24).

Myristylation of these peptides changes a hydrophilic molecule to an amphiphilic
molecule, facilitating their incorporation inside the cell. However, the interaction of
the myristylated peptide with the lipid bilayer of the cell membrane could also result
in some nonspecific effects due to the alteration of the permeability of the cell mem-
brane. This can be the cause for some of the cytotoxic effect of these peptides that
were seen when they were added to the media in concentrations over 150 uAf (data
not shown).

A myristylated peptide (N-m-GALRQKNVHEV) corresponding to the truncated
pseudosubstrate from PKC-o was used as a control because as predicted it had no
effect on PKC activity measured in an enzyme assay. Consistent with this, we found
that a 100 uM concentration of this peptide inhibited neither the induction of IL-2R
(as determined by FACS or by RT-PCR) nor the induction of TNF- mRNA expression
(as determined by RT-PCR). These results demonstrate that the myristyl group had
no effect by itself on the inhibition of IL-2R and TNF-8 induction, and that the effects
observed with the pseudosubstrates are really due to the inhibition of PKC activity.
This was also confirmed when we used the pseudosubstrate RFARK-
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GALRQKNVHEVKN to inhibit the induction of IL-2R expression by PMA and/or
anti~-CD3. In this assay the unmyristylated peptide was as active as the myristylated
form of the same peptide (data not shown} or any of the other myristylated peptides,
supporting also the concept that Jurkat cells are able {0 incorporate peptides from the
media in an efficient manner.
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