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Abstract: The first cysteine-rich domains (CRD's) of mouse PKCn and PKCé (n-CRD1 and 8-CRD1) were
prepared by automated solid phase peptide synthesis. In the presence of phosphatidylserine, zinc-folded n-CRD1
did not bind [3H]phorbol 12,13-dibutyrate (PDBu) at all while the zinc-folded second CRD of mouse PKCy (n-
CRD2) bound PDBu strongly with a Kg of 0.91 nM. Moreover, 6-CRD1 showed very weak PDBu binding
affinity (Kg = ¢a.500 nM) while the Kgof the second CRD of mouse PKCb was reported to be 1.9 nM. These
results suggest that the second CRD's of PKCn and PKC play an important role in the PDBu binding.

© 1997, Elsevier Science Ltd. All rights reserved.

Protein kinase C (PKC), a key multi-enzyme family that mediates cellular signal transduction, is the main
target of the potent phorbol ester tumor promoters and a receptor of interest for the development of new medicinal
leads.! To date, at least eleven PKC isozymes have been identified and classified into three groups based on their
structure and cofactor requirements (Figure 1).2 The best characterized and first discovered are the so called
conventional PKC's: PKCa, B, BII, and y. Cloning of these PKC's revealed four conserved domains (C(-Cy)
and five variable (V1-V5) regions. Conventional PKC's consist of a catalytic domain for protein phosphorylation
(C3 and Cy) and a regulatory domain (C1 and C3). The latter binds phorbol esters and calcium in the presence of
phosphatidylserine. Novel PKC's (PKC$, ¢, m, and 8) are a second PKC subclass, structurally similar to
conventional PKC's except for the absence of the C> domain and, consequently, of calcium independent binding.
The least understood are atypical PKC's (PKCE and A/) which are not activated by phorbol esters.

There are tandem cysteine-rich domains (CRD's) at the N-terminal regulatory domain of conventional and
novel PKC's. Since recent studies have indicated that a single CRD is sufficient for phorbol ester binding,3-8
both CRD's in these PKC subclasses are candidates for the phorbol ester binding site. We have recently
synthesized the second CRD of mouse PKCnj (n-CRD2) as a model of novel PKC by automated solid phase
synthesis using fluorenylmethoxycarbonyl (Fmoc) protected amino acids, and have shown that the binding
affinity of n-CRD2 to [3H]phorbol 12,13-dibutyrate (PDBu) was especially strong (Kg= 0.91 nM),8 comparable
to that reported for native mouse PKCr itself (Kq = 0.87 nM).? Kazanielz ef al. have also reported that the
second CRD of mouse PKC8 bound PDBu with high affinity, comparable to native mouse PKC8.7 These
results underscore the importance of CRD peptide surrogates of novel PKC as useful molecular probes for the
clucidation of the structural requirements for the recognition of phorbol esters. However, there is no evidence
that the second CRD is the only phorbol ester binding site of novel PKC. In addition, the PDBu binding of any
first CRD except for that of PKCy has not yet been examined. In order to identify the binding site of phorbol
esters in novel PKC, we have now synthesized the first CRD's of mouse PKCn and PKCd (n-CRD1 and 6-
CRD1) by the automated solid phase synthesis, and examined their phorbol ester binding ability.
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Figure 1 Structure of conventional, novel, and atypical PKC.
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n-CRD1: H zN—HKFMATYLR(l)PTYC SHC RE;)IWGVFGKQGYQC QVCTCVVHKRCHHLIVTACG-COOH
172 222
n-CRD2 : H2N-HKFNVHNYKVPTFCDHC GSLLWG-IMROGLQCKICKMNVH IRCQANVAPNCG-COOH
246 296
8-CRD1 : H2N-HEFIATFFGQPTFC SVCKEFVWG-LNRKQGYKCRQCNAATHKKC IDKIIGRCTG-COOH
159 210
y-CRD1 : HoN-HKFTARFFKQPTFC SHC TDFIWG-IGKQGLQCQVCSFVVHRRCHEFVTFECPG-COOH
36 87

y-CRD2 : HyN-HKFRLHSYSSPTFCDHCGSLLYG~-LVHQGMKC SCCEMNVHRRCVRSVPSLCG-COOH
101 151

Figure 2 Structure of PKC model peptides prepared by solid phase synthesis.

1-CRD1 (mouse skin PKCyj amino acids 172-222)10 and 3-CRD1 (mouse hemopoietic cells PKCd amino
acids 159-210)!! were synthesized with a PerSeptive Biosystems Model 9050 plus automated peptide synthesizer
using Fmoc amino acids. To prevent racemization and oxidation during synthesis, the carboxyl-terminus was
extended in each case from the final cysteine toa glycine. The crude peptides, which were obtained by cleavage
and deprotection by trifluoroacetic acid (TFA) containing m-cresol, ethanedithiol, and thioanisole, were purified
by gel filtration, followed by HPLC using SH-342-5 (ODS, 20 mm i.d. X 150 mm, Yamamura Chemical
Laboratory) with elution at 8 ml/min by an 160-min linear gradient of 10-50% acetonitrile in 0.1% TFA. The
peaks of n-CRD1 (#g = 100 min) and 8-CRD1 (f; = 115 min) were collected, and each fraction was concentrated
in vacuo below 30 °C to remove acetonitrile. Lyophilization of each residue gave pure n-CRD1 and 8-CRD1,
which exhibited satisfactory mass spectral analysis: for n-CRD1 (MH*, average molecular mass: obs. 6077.25,
calc. for Ca69Ha0gN79067S8, 6077.23, and for 8-CRD1 (MH, average molecular mass: obs. 5927.98, calc.
for C265H400N74069S6, 5928.02).
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Figure 3 Left side: CD spectra of 1-CRDI itself and v-CRDI1 treated separately with 2.5-molar equivalent of ZnCly or MgCl,
in helium purged distilled water. Right side: CD spectra of n-CRD? itself and 1-CRD2 treated separately with 2.5-molar equivalent
of ZnCl3 or MgCl; in helium purged distilled water. The spectra were obtained on a JASCO 700 CD spectrophotometer in a 0.5
mm cell using 275 pg/ml solutions in 10 mM Tris-HCl buffer (pH 7.4) at 24 °C.

Each CRD of PKC coordinates two atoms of zinc,12:13 and this zinc binding is believed to be required for
phorbol ester binding. Since our synthetic CRD's did not contain zinc,® zinc coordination was carried out by
addition of 5-molar equivalents of ZnCl; to a distilled water solution of each CRD. The specific PDBu binding
increased ca.4-fold when y-CRD2 or n-CRD2 treated with 5-molar equivalent of ZnCl; in distilled water was
added to the reaction mixture containing 50 mM Tris-HCl, 50 ug/ml phosphatidylserine, 3 mg/ml bovine y-
globulin, and 20 nM [3H]PDBu at pH 7.4 as reported previously.8 However, there is no guarantee that each
CRD1 properly folds like these CRD2's upon zinc treatment. In order to confirm the metal induced
conformational change of each CRD1, the CD spectra of complexed and uncomplexed n-CRD1 and n-CRD2
were measured (Figure 3). A significant spectral change was detected for both n-CRD1 and n-CRD2 treated
with ZnCl. In a control experiment, 1-CRD1 and n-CRD?2 treated with MgCl,, which had no significant effect
on the PDBu binding, gave a spectrum quite similar to n-CRD1 and n-CRD2 itself, respectively. The CD spectra
of n-CRD1 and n-CRD2 were analyzed by the method of Yang ez al.}* In zinc-treated -CRD], the calculations
are 55% -sheets and 11% a-helix while in zinc-treated n-CRD2, the values are 67% B-sheets and 5% a-helix.
These results strongly suggest that Zn2+ coordinates both n-CRD1 and n-CRD2 in a similar fashion, producing
closely related peptide conformers. A significant spectral change similar to 1-CRD1 was also observed in 6-
CRDI1 upon zinc treatment (data not shown).
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Figure 4  Specific PDBu binding of y-CRDI,
9§-CRDI, and n-CRD1. The binding was evaluated
by the procedure of Sharkey and Blumberg.!5 Zinc
coordination was carried out in a distilled water
solution of each CRD1 (100 pg/ml) using 5-molar
equivalents of ZnCl, at 4 °C for 10 min. After
dilution with distilled water, an aliquot of the
peptide solution (2.9 pl) was added to the reaction
mixture (247.1 pl) consisting of 50 mM Tris-HCI
(pH 7.4), 3 mg/ml bovine y -globulin, 50 pg/ml
1,2-di(cis-9-octadecenoyl)-sn-glycero-3-phospho-1-

serine, and 20 nM [PH]PDBu (19.6 Ci/mmol).
The final concentration of each CRD1 was 20 or
200 nM. The specific binding is the difference
between total and nonspecific binding which was
determinedin the presence of 500-fold cold PDBu.
y-CRD1 3-CRD1 n-CRD1 * y-CRD1 $-CRDI n-CRD1 The specific binding of 200 nM y-CRD1 (7600
dpm) was fixed at 100. Each point represents the
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Figure 5  Scatchard analyses of [H]PDBu binding to 8-CRD1 and y-CRD1. Zinc folded -CRD1 or y-CRD1 was incubated
with increasing concentrations of [PH]PDBu in the presence of 50 ug/ml phosphatidylserine as described in Figure 4. Representative
experiments for 5-CRD1 and y-CRD1 are shown. Each point represents the mean of three experimental values with a standard
deviation of <5%. Similar results were obtained in additional experiments.

The zinc-folded CRD's were subjected to the PDBu binding assay (Figure 4). y-CRD1 which has a
significant PDBu binding affinity® was selected as a positive control; the specific binding of 200 nM y-CRD1 was
fixed at 100. As shown in Figure 4, 1-CRD1 did not show any PDBu binding even at 200 nM while the second
CRD of mouse PKCy (n-CRD2) bound strongly PDBu with a K4 of 0.91 nM.8 This result suggests that the
binding site of PDBu in native PKCn is the second CRD. Recent crystallographic analysis of the second CRD of
mouse PKC) has indicated that phorbol esters fit into a narrow groove of the CRD created by amino acids 20-
27.16 Since n-CRDI contains one excess valine in the corresponding region compared with other CRD's (Figure
2), this additional valine might interfere with the proper folding or PDBu binding of the CRD.
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8-CRD1 showed significant but weaker PDBu binding than y-CRDI1. Scatchard analyses of zinc-folded 8-
CRD1 and y-CRD1 gave dissociation constants (Kq) of ca. 500 and 65.3 nM, respectively (Figure 5). Since the
K4 of the second CRD of mouse PKC® was reported to be 1.9 nM,” the binding site of PDBu in native PKC) is
deduced to also be the second CRD. After completion of this work, Szallasi et al. have reported that the first and
the second CRD's of mouse PKCd are not equivalent and that the second CRD plays the predominant role in
translocation of mouse PKCd in response to 12-O-tetradecanoylphorbol 13-acetate.1? The evolutionary
dendrogram showing phylogenetic relationships among PKC isotypés indicates that PKCnj is closely related to
PKCe. 18 Since the first CRD of PKCe contains one excess valine like vj-CRD], the first CRD of PKCe would
not have a PDBu binding ability like n-CRD1. Itis interesting that most of the second CRD of novel PKC plays
an important role in the PDBu binding.

The phorbol ester binding site of conventional PKC is, however, unclear at present since both CRD's of rat
brain PKCy showed similar K4's for PDBu (65.3 nM for y-CRD1, 44.1 nM for y-CRD2).8 Similar Kg4's for
PDBu (14.5 nM for GST-CRD1, 17.1 nM for GST-CRD2) have also been reported using carboxyl-terminal
fusion protein of GST with the first and the second CRD of rat PKCy. !9 Moreover, the PDBu binding of PKCy
was shown to be affected significantly by the calcium and phosphatidylserine binding domain (C3 domain).19
Slater et al. have recently reported that PKCa contains two activator binding sites that bind phorbol esters and
diacylglycerols with opposite affinities.20 Hitherto, only the second CRD's of PKC have been used for
analyzing PDBu binding.16.21-24 While the peptide surrogate of the second CRD of novel PKC might be a good
model for native novel PKC itself, the extrapolation of results with conventional CRD surrogates to conventional
native PKC's requires further attention, since the major binding site of phorbol esters in PKCy could be the first
CRD as Bell et al. proposed.19 Further studies to determine the phorbol ester binding site in conventional PKC
are in progress.
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