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Abstract: The protein kinase C (PKC) family of enzymes plays a crucial role in cellular signal transduction
and tumor promotion. Conventional and novel PKC isozymes consist of a catalytic domain for protein
phosphorylation and a regulatory domain which binds the endogenous messenger diacyl glycerol or exogenous
agents such as phorbol esters. The N-terminal regulatory region of these isozymes contains two cysteine-rich
domains (C1A and C1B, also known as CRD1 and CRD2), both of which are candidates for the phorbol
ester-binding site. To determine the phorbol ester-binding sites of these isozymes and to elucidate the structural
requirements for isozyme selective PKC modulatitwe, C1 peptides, consisting of ca. 50 amino acids of all
corwentional and neel PKCs, along with those of atypical PKCsdeabeen synthesized by a solid-phase
Fmoc strategy Exceptionally high overall yields (£:620%) were achieved in the syntheses of most of the C1
peptides on a Pioneer Peptide Synthesizer (PerSeptive Biosystems) through the use of HATU as a coupling
reagent. These peptides were successfully folded by zinc treatment, as monitored by CD spectroscopy.
Importantly, only the C1Bs of all ceentional and neel PKCs, except for PKZ bound PH]phorbol-12,-
13-dibutyrate (PDBu) with high affinities, comparable to those of theseatiozymes Of special significance,

both C1 peptides of PKE (i.e., y-C1A andy-C1B) exhibited high-affinity binding, providing the structural

basis for a novel approach to Pi&elective modulators, compounds of potential significance for the treatment

of neuropathic pain. The effects of metal cations other than zinc on the binding of these isozymes were also
investigated. Only the PKsurrogatesy-C1A andy-C1B), when treated with cadmium, exhibited no binding,

while other similarly treated conventional and novel PKC surrogates strongly bound PDBu, as did the zinc-
folded peptides. These results suggest that cadmium ion could serve as a new and effective tool for controlling
the activation of PK@.

isozymes consist of a catalytic domain for protein phosphory-
lation and a regulatory domain which binds the endogenous
messenger diacyl glycerol or exogenous agents such as phorbol
esters. The N-terminal regulatory region of conventional and

Introduction

Protein kinase C (PKC) isozymes are receptors of great
current interest in the development of new medicinal leads and

cancer prevention strategies because of their crucial role in . . . :
P 9 novel PKCs contains tandem cysteine-rich domains (C1A and

cellular signal transduction and tumor promotionPKC o
isozymes are subdivided into three classes: conventional PKCsClB’ also known as CRD1 and CRD2gonsisting ofca. 50

PKCa, -I/BI, -y), which are calcium dependent, novel PKCs aminq acid residues. Initial studi“eshpwed that both cl
EPKC(S, f g -9)7,/)which are calcium indegendent, and atypical domains of PK@ bound phorbol-12,13-dibutyrate (PDBu) with

PKCs (PKC, -A/2), which lack the ability to bind phorbol ester-  Nigh affinity, suggesting that C1A and C1B of PlGare

: - functionally equivalent. In contrast to PKCour latest study
e tumor promoters (Figure 1) Conventional and novel PKC o
P P (Fig ) showed that only C1Bs of PK&and # bound PDBu with high
T Kyoto University. Tel.: +81-75-753-6282. Fax+81-75-753-6284.

E-mall: irie@kais kyoto-u.ac.p affinity, comparable to native PKE and #, respectively.
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Figure 1. Structure of conventional, novel, and atypical PKC along with PKEZ1B and the classical zinc finger (Tramtrack).

C1A and C1B of PK® are not equivalent and that C1B plays approach is especially useful for the preparation of large

the predominant role in translocation of PK@ response to

phorbol esters. Collectively, these studies indicate that the

guantities of highly pure PKC subunits.
The purpose of this study is to determine the C1-binding site

PDBu-binding sites of the PKC isozymes studied to date do preferences of PDBu and to establish the utility of these C1
not follow a single pattern. Given the therapeutic significance peptides as surrogates of native PKC isozymas. reported
of PKC signal modulation and the recent findings implicating herein, we hae synthesized and characterized the C1 peptides

PKCy as a mediator of neuropathic pdiPKCo as a target of
antisense cancer chemotherapeitasgd PK@ as a key enzyme
in vascular complications of diabet&sthe identification and

of all mouse PKC isozymes (Figurg'225 for the first time.
Of special significance, all C1Bs bound PDBu with high affinity,
comparable to natie PKC isozymes, while all C1As except for

analysis of the activator domains of all PKC isozymes are that of PKG did not strongly bind PDBu The influence of

necessary for the development of rational approaches to novelmetal ions on PKC binding was also examined. Only the C1

PKC-targeted therapeutic agents. peptides of PK@, when treated with cadmium, lost binding,
The limited availability and cost of pure PKC isozymes have while other similarly treated C1Bs strongly bound PDBu. Of

hampered both fundamental and applied research in this areaspecial importance, the amino acid residues which play a critical

Thus far, PKC isozymes have been prepared almost exclusivelyrole in the PDBu binding of the C1 peptides were identified on

by DNA recombination techniqué$:4 However, these pro-  the basis of sequence analysis and synthesis.

cedures are time-consuming and often produce isozymes of

variable purity, a factor which undoubtedly contributes to some Results and Discussion

of the variability in the reported results. We have recently

reported that the C1 peptides of PK@nd # can be synthesized

in quantity and in high purity by automated solid-phase
synthesis, and we have shown that these C1 peptides ar
efficiently folded upon zinc treatment, to produce PKC regula-
tory domain surrogates that bind PDBu with high affinities,

comparable to the nate PKC isozymes themsek>16 This
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Synthesis of the C1 Peptides of All PKC Isozymes.n
our preliminary publication!®> we have reported the solid-

eohase synthesis of the C1 peptides of mouse PK&ECLA

andrn-C1B, Figure 2) by an Fmoc stratedfy.Our initial studies
were performed with a PerSeptive Biosystems model 9050 plus
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Figure 2. Sequence alignment of all C1 peptides synthesized in this study. All C1 sequences derive from’nipliseprevent racemization and

oxidation during synthesis, the carboxyl terminus was extended in each case from the final cysteine to a glycine. The consensus represents all of
the conserved amino acids which are deduced to be necessary for the phorbol ester binding. The peptides are divided into three classes: those with
potent PDBu-binding affinity (all C1Bs of conventional and novel PKCs, and C1A of{pKiBiose with very weak PDBu-binding affinitp{C1A

and#-C1A), and those without PDBu-binding affinitg{C1A, 5-C1A, ¢-C1A, »-C1A, ¢-C1, andA-C1).

automated peptide synthesizer, using HATds an activator procedure for HATU in the coupling reaction was also modified.
for Fmoc chemistry. Fmoc amino acids (0.8 mmol), activated Since the coupling efficiency of dissolved HATU decreases with
by HATU (0.8 mmol) in the presence &fN-diisopropylethy- time, addition of the reagent mixture is set to begin within 2
lamine (DIPEA, 0.95 mmol) in DMF, were coupled in a min after addition of the base solution to the test tube containing
stepwise fashion on 0.2 mmol of preloaded Fmoc-Gly-PEG- each Fmoc amino acid and HATU. In the previous procedure,
PS resin. Piperidine (20%) in DMF was used for removal of reagent addition began 10 min later. The overall yielg-6f1B
Fmoc groups, and DMF was employed for flow washes using this new machine and procedure was a remarkably
throughout the entire synthesis. During the deprotection of eachefficient 4.7%. Other C1 peptides in Figure 2 were similarly
Fmoc group, the amount of Fmoc released was monitored by synthesized in excellent yields and characterized by MALDI-
UV spectroscopy to confirm that the condensation occurred TOE-MS (see the Experimental Section and the Supporting
successfully. After completion of the chain assembly, each Information). The yields of--C1B, 3-C1B,e-C1B, 6-C1B, and
peptide resin was treated with trifluoroacetic acid (TFA) £-C1 were especially high at 17.1%, 13.9%, 14.6%, 11.7%, and
containing m-cresol, thioanisole, and ethanedithiol for final 11.3%, respectively, requiring average coupling yields 87%.
deprotection and cleavage from the resin. The resultant crudeThis indicates thata. 100—200 mg of pure peptide can be
peptides were purified by gel filtration, followed by HPLC on  ghiained in a 0.2-mmol scale synthesis. Hitherto, several PKC
a preparative C18 reversed-phase column. The main compount,gments containing C1 domains have been synthesized by
which eluted from the C18 column was collected and lyophi- ‘pa recombination techniques’2® The approach described
:'Zed‘ Molecu_lar yvel_ght_s were deterr_mned by matrix-assisted herein is the first practical synthesis of PKC C1 domains by
aser desorption/ionization time-of-flight mass spectrometry solid-phase synthesis.
(MALDI-TOF-MS). Satisfactory data for both PKfsurrogate . . - .
peptides were obtained (see the Experimental Section). How- Zinc Fold.lng and PDBu Binding of the C1 Pe.pt|des of

All Conventional and Novel PKCs. The C1 domain of PKC

ever, the overall yields were low: 0.5% and 0.9% ipC1A ) X e )
and#-C1B, respectivelys has six conserved cysteines and two histidines in the pattern
HX12CX2CXCX2CX4HXCX7C (n= 13 or 14), where X is a

Subsequent studies were performed with a new peptide '™ ' - g / i
synthesizer from PerSeptive Biosystems (Pioneer Peptideva”able amino acid residue. Each C1 domain coordinates two

Synthesizer). This machine allows for an increased flow rate atoms of zinc with each metal bound by three sulfur atoms of
of each Fmoc amino acid and HATU solution in the coupling CYSteines and one nitrogen atom of histidif&. Differing from
reaction. The flow rate of the reagent mixture (30 mL/min) the classical zinc finger proteins, the C1 domain of PKC adopts

was 5-fold higher than that in the previous method. The addition & globular fold, allowing two nonconsecutive sets of zinc-

(27) Carpino, L. A.; EI-Faham, A.; Albericio, H.etrahedron Lett1994 (29) Kazanietz, M. G.; Barchi, J. J.; Omichinski, J. G.; Blumberg, P. M.
35, 2279-2282. J. Biol. Chem.1995 270, 14679-14684.

(28) Irie, K.; Yanai, Y.; Ohigashi, H.; Wender, P. A. Synthesis and (30) Hubbard, S. R.; Bishop, W. R.; Kirschmeier, P.; George, S. J.;
characterization of model peptides incorporating the phorbol ester-binding Cramer, S. P.; Hendrickson, W. Sciencel991, 254, 1776-1779.
domain of protein kinase C. IReptide Chemistry 199&itada, C., Ed.; (31) Quest, A. F. G.; Bloomenthal, J.; Bardes, E. S. G.; Bell, RIM.
Protein Research Foundation: Osaka, Japan, 1997; pp2(0 Biol. Chem.1992 267, 10193-10197.
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Figure 3. Effects of zinc ion on the PDBu binding of-C1A and
1-C1B. The binding was evaluated by the procedure of Sharkey and
Blumberg® Metal coordination was carried out in distilled water
solution containing each model peptide (1@%/mL) using 5 molar
equiv of ZnC} at 4 °C for 10 min. After dilution with the distilled
water, an aliquot of the peptide solution (2/0) was added to the
reaction mixture (247.LL), consisting of 50 mM Tris-HCI (pH 7.4),

3 mg/mL boviney-globulin, 50ug/mL phosphatidylserine, and 20 nM
[®H]PDBuU (19.6 Ci/mmol). Final peptide concentration wagM for
n-C1A and 5 nM forp-C1B, respectively. The specific binding of zinc-
treatedn-C1B (14 300 dpm) was fixed at 100 (entry 1). Entry 2, the
zinc-untreatedy-C1s; entry 3, the zinc-untreategdC1s were added to
the reaction mixture containing 2 mM EDTA; entry 4, the zinc-treated
n-Cls were added to the reaction mixture containing 2 mM EDTA.

Irie et al.

for the zinc finger peptide®:3° Careful examination of the pH
dependence of PDBu binding indicated that the optimal pH for
maximum binding is between 5.0 and 6.5 (data not shown).
When folding was conducted at pH greater than 8, PDBu
binding was not observed.

In accord with the importance of zinc in maintaining a proper
fold of #-C1B, only modest PDBu binding was observed when
1n-C1B was not pretreated with ZnQentry 2). Moreover, even
this binding was abolished (entry 3) when ZpQhtreated
7-C1B was added to the assay mixture containing 2 mM EDTA,
suggesting that chelatable ions in the assay mixture could
account for the background folding of the untreaie@1B. It
is especially noteworthy that the binding of Zp@eated;-C1B
did not change after exposure to 2 mM EDTA (entry 4), even
for periods up to 3 h, indicating that the zinc coordination is
not readily reversed by EDTA. These results strongly suggest
that zinc plays an important role in the folding and PDBu
binding of #-C1B.

To investigate whether both-C1A and »-C1B undergo
metal-induced conformational changes, the CD spectra of the
complexed and uncomplexedC1s were measured (Figure 4).
A significant spectroscopic change was detected for he@iis

Each point represents the mean of three experimental values, with avhen they were treated with ZnCl In a control experiment,

standard deviation of less than 5%.

binding residues to form two separate metal-binding Se®,
classified as a variant of a ring finger motif (Figure®t)Since

our synthetic PKC surrogates are produced in the absence of

zinc®” (unlike native PKC and several truncated mutants
containing the C1 domain of PKC prepared by DNA
recombination¥,;3%-3% zinc coordination was carried obefore

the PKC surrogate peptides were added to the assay mixture

The effects of zinc on the PDBu binding fC1A andy-C1B
are summarized in Figure 3 as typical examples. A distilled
water solution of each C1 peptide waetreatedwith 5 molar
equiv of ZnC} to establish maximum binding. Maximum

n-C1s treated with MgG| which had no significant effect on
the PDBu binding, gave a spectrum quite similar to that of
untreated;-Cls. These results indicate that?Zrcoordinates
both#-C1A andy-C1B in a similar fashion, producing closely
elated peptide conformers, but only one binds PDBu with high
affinity.

The zinc folding and PDBu binding of the C1 peptides of
other PKC isozymes were examined in a similar fashion.
Significantly, C1Bs of all other conventional and novel PKCs
(PKCua, -plIfll, -y, -0, -¢€, -0) showed strong PDBu binding,
like that of #-C1B. In contrast, all C1As except for-C1A
showed very weak or no PDBu-binding affinity, as ¢iC1A,
as shown in Figure 5. Since on}yC1A showed potent PDBu
binding affinity, similar toa-C1B andy-C1B, the specific PDBu

binding was also observed for the C1 peptides pretreated with binding of y-C1A (200 nM) was fixed at 100. Relative to this

2.5 molar equiv of ZnGl whereas an almost linear concentration

standardg-C1A, 6-C1A, -C1A, ando-C1A showed very weak

dependence of the binding was observed with less than 2 molarbut detectable binding, whike C1A andy-C1A were completely

equiv of ZnC} (data not shown). After incubation at°€ for

10 min, an aliquot of the resultant solution was then added to
the assay mixture, consisting of Tris-HCI (50 mM, pH 7.4),
bovine y-globulin (3 mg/mL), phosphatidylserine (PS, 56/
mL), and PH]JPDBu (20 nM). The PDBuU binding was measured
by the procedure of Sharkey and Blumbéfgy-C1A did not
show any PDBu binding, even ati@, while »-C1B bound
PDBu with high affinity. The specific binding of Zngtreated

inactive,indicating that, with the exception of PKCthe major
PDBu-binding site in corentional and neel PKC isozymes is
C1B These results suggest a revision of the long-held view
that both C1 domains of native PKC bind PDBu strorfghfter
completion of this work, Szallagt al.® and Hunn and Quest
reported studies on the C1 domains of RK@nding that they,
too, are not equivalent based on a DNA recombination
technique. The groups of Nishizuka and Bethnducted related

#-C1B at 5 nM was, therefore, fixed at 100 as a reference (entry Studies on PKg, possibly because of the ease of making the

1). Folding in distilled water (pH 5:25.7) gaveca. 2-fold
higher specific binding than that in 0.01% TFA (pH 3.0)
followed by neutralization, the standard folding condition used

(32) Hommel, U.; Zurini, M.; Luyten, MNat. Struct. Biol1994 1, 383~
387.

(33) Ichikawa, S.; Hatanaka, H.; Takeuchi, Y.; Ohno, S.; Inagaki, F.
Biochem.1995 117, 566-574.

(34) Zhang, G.; Kazanietz, M. G.; Blumberg, P. M.; Hurley, J.G#ll
1995 81, 917-924.

(35) Xu, R. X.; Pawelczyk, T.; Xia, T.-H.; Brown, S. @iochemistry
1997 36, 10709-10717.

(36) For reviews, see: Klug, A.; Schwabe, J. W.HASEB J.1995 9,
597—-604. Schwabe, J. W. R.; Klug, Aat. Struct. Biol.1994 1, 345-
349.

(37) Wender, P. A;; Irie, K.; Miller, B. LProc. Natl. Acad. Sci. U.S.A.
1995 92, 239-243.

(38) Sharkey, N. A.; Blumberg, P. MCancer Res1985 45, 19-24.

truncated mutants of PKE and found contrasting results.
However, as demonstrated in this work, the binding character-
istics of PKCG/ C1 domains are exceptional among the PKC
isozymes.

Scatchard analyses of all C1Bs along WtC1A, 6-C1A,
and 6-C1A were carried out, and the resultafd values are
summarized in Table 1. As control references, yevalues
of native PKC isozymes reported independently by several
groups are also listed. All C1Bs of novel PKCs bound PDBu
strongly with nanomolaKq values: 1.0, 1.5, 0.91, and 3.4 nM
for C1Bs of PK®), -, -5, and 4, respectively. These values
correspond closely to the values reported by Kazargesd 1t

(39) Omichinski, J. G.; Clore, G. M.; Schaad, O.; Felsenfeld, G.; Trainor,
C.; Appella, E.; Stahl, S. J.; Gronenborn, A. Biciencel993 261, 438—
446.
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Figure 4. Top: CD spectra ofy-C1A itself and »-C1A treated
separately with 2.5 molar equiv of ZnGdr MgCl; in helium-purged
distilled water. Bottom: CD spectra gfC1B itself andy-C1B treated
separately with 2.5 molar equiv of ZnGbr MgCl; in helium-purged
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Specific binding (relative dpm)

] 3
afy den
Figure 5. Specific PDBu binding of all C1A peptides. The binding
was evaluated by the same procedure as described in Figure 3. The
final concentration of each C1A peptide was 20 or 200 nM. The specific
binding of 200 nMy-C1A (55 900 dpm) was fixed at 100. The bars
represent standard deviation.

Table 1. Ky Values from Scatchard Analyses of the Specific
Binding of [FH]PDBu to the PKC Surrogate Peptides

conventional PKC Kg (NM) novel PKC Kq (NM)
o-C1A >3000 0-C1A ca.300
o-C1B 46.7 (2.1 0-C1B 1.0(0.1)
PKCa® 60.0 PKG® 4.0
PKCac 0.15 PKG* 0.71
PKCad 30.0
B-C1lA >3000 e-C1A >10 000
p-C1B 1.3(0.3) «C1B 1.5(0.2)
PKCAIP 3.9 PKG?P 18.0
PKCBIIP 9.5 PKG® 0.63
PKCe 0.14

7-C1A >10 000
y-C1A 65.8 (0.6) n-C1B 0.91 (0.1)
y-C1B 16.9 (3.0) PK@® 0.58
PKCy® 18.0
PKCy¢ 0.37 6-C1A ca.900
PKCy® 2.4 6-C1B 3.4 (1.0
PKCyf 6.8 PK® nt

a Standard deviation of at least two separate experimeifise Kq
values in the absence of calcium were reported by Dimitrijetial *?
¢ The Ky values in the absence of calcium were reported by Kazanietz
etall! 4TheKqvalue in the absence of calcium was reported by Zhu
etal!* ¢TheKqvalue in the absence of calcium was reported by Quest
et al1® T TheKq value in the absence of calcium was reported by Irie
et all® 9Not tested.

variation is not unexpected because, in conventional PKCs, such
as PKQx and #, the calcium- and phosphatidylserine-binding
domain (C2 domain) is proximate to the phorbol ester-binding
domain (C1 domain), and changes in the assay conditions would
be expected to result in some variation in Kgvalues. At
present, while a range &, values for PDBu binding to native
PKCa and 4 have been reported, the values determined for
the C1 peptides are within this range.

distilled water. The Spectra were obtained on a JASCO J-700 CD Given that our blnd|ng data for the PKC Surrogate peptldes

spectrophotometer in a 0.5-mm cell using 2&PmL solutions in 10
mM Tris-HCI buffer (pH 7.4) at 24C.

for the novel PKCs. Th&y value of PK@ has not yet been
reported. Théy values ofd-C1B ande-C1B are also in fairly
good agreement with those reported by Dimitrijegical 12

In contrast to these results, th&; values of C1Bs of
conventional PKCs (PK&, -gl/pll, and -y) differ somewhat
from those reported by Kazaniegt al!! but agree with those
reported by Dimitrijevicet al12 or Zhuet al1* It is noteworthy
that there is variation in thiKy values of PDBuU in the absence
of calcium for native PK@. (Kq = 60.01230.02*and 0.15 nMY)
and for PKG (Kq = 18.0126.8162.43 and 0.37 nMY). This

correspond well with thé&y values of native PKC isozymes,
the C1B peptides serve as effective, readily available surrogates
for native PKC isozymes and afford unique opportunities for
the study of binding, affinity labeling, and solution structure
related to the PKC regulatory domain. Only the C1 peptides
of PKCy (y-C1A andy-C1B) exhibited similar affinities for
PDBu, indicating that both C1 peptides of PKGtill qualify

as PKG surrogates. Although recent investigatiti§ sug-
gested that the major binding site of PDBu in native BKC
might be C1A rather than C1B, there is no evidence that C1B

(40) Quest, A. F. G.; Bell, R. MJ. Biol. Chem.1994 269, 20000~
20012.



9164 J. Am. Chem. Soc., Vol. 120, No. 36, 1998 Irie et al.

is not a PDBu-binding site. Our studies suggest that a peptide () [ E 1B
containing both C1 motifs would be an ideal surrogate of PKC 120
The synthesis and study of this system is in progress.

Effects of Metal lons Other Than Zinc on the PDBu
Binding of All Surrogate Peptides of Conventional and Novel
PKCs. Although zinc coordination is required for folding and
phorbol ester binding of the C1 peptides (and the corresponding
PKCs), the effects of metal ions other than zinc on these
processes have not been investigated. These effects are pertinel
to the evaluation of assay data and, in addition, have significant
biological and physiological ramifications. We have recently
reported the influence of zinc and other metal ions on the folding
and PDBu binding ofy-C1B and#-C1B, including the first (b)
observation of C1B-selective metal ion regulation of binding _ 120
in a preliminary publicatiori! In this paper, we report the
effects of metal ions other than zinc on the PDBu binding of
all PKC surrogate peptides which exhibit potent PDBu-binding
affinity (Figure 2).

The metal effects are summarized in Figure 6. The C1
peptides are classified into three groups according to the level
of the background binding and their cadmium selectivity: (a)
a-C1B,5-C1B, andd-C1B; (b)e-C1B,-C1B, andd-C1B; and
(c) y-C1A andy-C1B. Group a peptides showed high levels
of PDBu binding without zinc treatment (entry 2 in Figure 6a).
However, this background binding was completely abolished 0
in the presence of 2 mM EDTA in the assay mixture (entry
15). This indicates that chelatable ions in the assay mixture
could account for the background folding of these peptides.
Cr2t-, Mn2*t-, Fet-, Co*™-, Ni2™-, Mg?"-, or C&*-treated C1
peptides also showed high levels of binding (entrie93 which
also disappeared when 2 mM EDTA was present in the assay

100-

80 T

60

40

20:

Specific binding (relative dpm)

1. Zn2+
2. None
3. Cr2+
4. Mn2+
5. Fel+
6. CoZ+
7. Ni2+
8. Mgz““
9. Ca2+
10. Cu2+
11. Ag+
12. Cd2+

Specific binding (relative dpm

Iy
=3

nding (relative dpm) ~—~
*®

40
mixture (data not shown); only the data forCare shown as E "
a typical example (entry 17). In contrast to this observation, gg ﬁﬂ ; I L i
the binding of the Z#f- or CcP*-folded peptides did not change & oS- e EL LR EL B BL RLL L e B e B2
significantly upon exposure to 2 mM EDTA (entries 14 and F 5552 8T TE 02 C iR8B8
16). This suggests that the coordination of cadmium and zinc A SR e

IS strong an_d th_at the Cadmlum lon plays a roIeIS|m|Iar to that Figure 6. Effects of metal ions on the PDBu binding of all C1B
of the zinc ion in the fOId!ng of thege_ _Cl peptides. .On the peptides ang-C1A. Metal coordination was carried out in a distilled
other hand, when the peptides were initially treated W'IHJFCL_J water solution of each C1 peptide (106/mL) using 5 molar equiv of
Ag*, or Hg**, specific binding was completely abolished (entries  each metal salt at 4C for 10 min. The PDBu binding was evaluated
10, 11, and 13). This loss of specific binding was also found by the same procedure as described in Figure 3. The specific binding
with these metal ions (2.5 molar equiv), even when the peptidesof the ZnC-treated C1 peptides was each fixed at 100 (entry 1). Entry
were pretreated with zinc, indicating that these ions coordinate 2: the Cl1s without ZnGltreatment; entry 3, the Critreated C1s;
more strongly than zinc or otherwise interfere with binding and €ntry 4, the MnGitreated C1s; entry 5, the Feg@iH,),SOx treated
folding. In the classical zinc finger peptides, Cis sometimes ~ C1S: entry 6, the CoGireated Cls; entry 7, the Niglreated Cls;

- . . Aol _ entry 8, the MgGitreated Cls; entry 9, the Caifeated Cls; entry
found to oxidize the peptides, producing disulfide-linked spe 10, the CuGkreated Cis; entry 11, the AgN@reated C1s; entry 12,

cies? However, no significant difference in the PDBu binding o CdChtreated Cls; entry 13, the Hg@feated C1s; entry 14, the
of the CuCj-treated peptides was detected between aerobic andzncl,-treated C1s were added to the reaction mixture containing 2 mM

anaerobic conditions, suggesting that such oxidation did not EDTA; entry 15, the ZnGluntreated C1s were added to the reaction
occur to a significant extent. Group b peptides behaved quite mixture containing 2 mM EDTA,; entry 16, the Cd@teated C1s were
similarly to group a peptides, except for the level of the added to the reaction mixture containing 2 mM EDTA; entry 17, the
background binding (Figure 6b). Zhand Cd* were equally CoCl-treated C1s were added to the reac_tio_n mixture containing 2 mM
effective in the folding and PDBu binding @C1B, #-C1B, EDTA. The bars represent standard deviation.

and6-C1B.

Remarkably, Cé&" treatment of/-C1A andy-C1B abolished was very strong; addition of equimolar €do Zr?*-pretreated
wholly the PDBu binding (entries 12 and 16 in Figure 6¢), while y-C1B caused complete disappearance of binding (data not
C#" treatment of the other PKC surrogate peptides resulted in shown). Even addition of a 100-fold excess ofZio Cc?+-
significant binding, approaching the maximum level observed pretreateg-C1B did not restore hinding, suggesting that binding
for the Zre™-treated peptides (entries 12 and 16 in Figure 6a of CR* to y-C1B is stronger than that of 2h. Although C&*
and b). The inhibitory effect of Cd on y-C1A andy-C1B exhibited ay-C1A-selective folding, cobalt coordination was

(41) e, K. Yanai, Y. Oie, K. Ohigashi. .. Wender, P. Bioorg not as strong as that of zinc since the binding of Goeated
Med. Chem. Lett1997 7. 965-970. T T ’ y-C1A decreased drastically in the presence of 2 mM EDTA

(42) Krizek, B. A.; Berg, J. MInorg. Chem.1992 31, 2984-2986. in the assay mixture (entry 17 in Figure 6c).
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Figure 7. Effects of metal ions on the PDBu binding of native rat
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similar to that described in Figure 3, except for the concentrations of Figure 8. CD spectra of-C1 itself andi-C1 treated separately with

native PKC isozymesé. 1 nM), phosphatidylserine (1Q@y/mL), and
[®H]PDBuU (10 nM). The specific binding in the presence of 100
ZnCly in the assay mixture was fixed at 100. The concentration of £dClI
and CuC} was also 10«M for PKCa-, -, andy-binding assay. For
PKCo-binding assay, PK& pretreated with each metal ion was added
to the reaction mixture. The final metal concentration wadv The
bars represent standard deviation.

With the discovery of more than 10 PKC isozymes (RKC
BlBI, -y, -0, -€, -n, -0, -, -Alt),2*3increasing importance is
placed on isozyme-specific analysis of function in order to
elucidate the role of PKC in cellular signal transduction, tumor
promotion, and therapeutic studies. Due to the limited informa-
tion on the solution structure of the phorbol estBKC—
phosphatidylserine aggregafe>44-46 most efforts to generate

2.5 molar equiv of ZnGlor MgCl, in helium-purged distilled water.

The spectra were obtained on a JASCO J-700 CD spectrophotometer
in a 0.5-mm cell using 27Bg/mL solutions in 10 mM Tris-HCI buffer

(pH 7.4) at 24°C.

catalytic domain of PKC in inhibiting PKC activati¢d>* Our
present results strongly indicate that one of the main targets of
these heavy metal ions is the C1 domain itself in the regulatory
domain.

PDBu Binding of the C1 Peptides of Atypical PKC and
Several C1 Mutants. Atypical PKCs such as PKCand A/t
are the only isozymes which do not bind phorbol estep§:6
These isozymes possess a single copy of the C1 motif, unlike
conventional and novel PKCs, as shown in Figure 1. Since
zinc ion plays a critical role in the folding and PDBu binding

isozyme-selective agonists have focused thus far on variationsCf the C1 domains, as mentioned above, the C1 peptides of
in organic ligands. The present results strongly suggest that&ypical PKCs{-C1 andl-C1) were synthesized, and their zinc-

cadmium ion might serve as an effective tool for controlling
isozyme-selective inhibition of PKZ To explore this pos-
sibility, the effects of ZA", Cd*", and C@" on the PDBu
binding of native PK@, -3, -y, and ¥ were examined (Figure
7). The specific PDBu binding in the presence ofZmvas
each fixed at 100. Cd completely inhibited the binding of
all PKC isozymes, while Cd inhibited that of only PK@,
suggesting that nate PKCy could be selectiely regulated by
CcPt.

Modulation of PKC by neurotoxic heavy metals has recently

folding and PDBu-binding abilities were examined. Although
a zinc-induced conformational change was detected in the CD
spectra oft-C1 (Figure 8), the zinc-treatedC1 andA-C1 did

not show any PDBu binding, even at®/, as was found for
¢-C1A andy-C1A, indicating that they are not the receptors
for phorbol ester-type tumor promoters.

Sequence alignment of all C1 domains of PKC isozymes
(Figure 2) clearly shows that six cysteines and two histidines
are completely conserved. These residues play an important
role in zinc folding and PDBuU bindinj3%:57 Kazanietzet al>’
have recently reported that the mutations at 3-F, 8-Y, 11-P, 21-

been investigated, since PKC is involved in neurotransmitter L, 25-L, 28-Q, and 39-V as well as at the above-mentioned six

releasé’~49 and signal transductio. For example, Speizeat
al.’! and Rajannat al52 have reported that heavy metal ions
such as Hg", Cli#*, and Cd* inhibited the enzyme activity of
a conventional PKC mixture and its PDBu binding. Thus far,

cysteines and two histidines of C1B of PK@rastically reduced

the PDBu-binding affinity and indicated that these residues are
also necessary for PDBu binding. However, these residues are
conserved in all C1As, which showed only weak or no PDBu

heavy metal ions have been proposed to interact with the binding (Figure 2). Moreover, Kazaniet al* have also made

(43) For a review, see: Nishizuka, FASEB J.1995 9, 484-496.

(44) Wender, P. A.; Irie, K.; Miller, B. LJ. Org. Chem1993 58, 4179~
4181.

(45) Sodeoka, M.; Uotsu, K.; Shibasaki, Metrahedron Lett1995 36,
8795-8798.

(46) Irie, K.; Ishii, T.; Ohigashi, H.; Wender, P. A.; Miller, B. L.; Takeda,
N. J. Org. Chem1996 61, 2164-2173.

(47) Matthies, H. J. G.; Palfrey, H. C.; Hirning, L. D.; Miller, R. J.
Neurosci.1987, 7, 1198-1206.

(48) Nichols, R. A.; Haycock, J. W.; Wang, J. K. T.; Greengard, .P.
Neurochem1987, 48, 615-621.

(49) Weiss, S.; Ellis, J.; Hendley, D. D.; Lenox, R. 8.Neurochem.
1989 52, 530-536.

(50) For a review, see: Nishizuka, Bciencel992 258 607—614.

(51) Speizer, L. A.; Watson, M. J.; Kanter, J. R.; Brunton, LJLBiol.
Chem.1989 264, 5581-5585.

(52) Rajanna, B.; Chetty, C. S.; Rajanna, S.; Hall, E.; Fail, S,;
Yallapragada, P. RToxicol. Lett.1995 81, 197—203.

the PKCG mutant in which the 11th glycine was changed to
proline. Even this mutant did not show any PDBu binding.
These results indicate that amino acids other than the above 15
residues are necessary for PDBu binding.

(53) Saijoh, K.; Inoue, Y.; Katsuyama, H.; Sumino, Rharmacol.
Toxicol. 1988 63, 221—224.

(54) Murakami, K.; Feng, G.; Chen, S. G.Pharmacol. Exp. Thef.993
264, 757-761.

(55) Ono, Y.; Fujii, T.; Ogita, K.; Kikkawa, U.; Igarashi, K.; Nishizuka,
Y. Proc. Natl. Acad. Sci. U.S.A.989 86, 3099-3103.

(56) Selbie, L. A.; Schmitz-Peiffer, C.; Sheng, Y.; Binden, TJ.JBiol.
Chem.1993 268 24296-24302.

(57) Kazanietz, M. G.; Wang, S.; Milne, G. W. A.; Lewin, N. E.; Liu,
H. L.; Blumberg, P. MJ. Biol. Chem.1995 270, 21852-21859.

(58) Kazanietz, M. G.; Bustelo, X. R.; Barbacid, M.; Kolch, W.; Mischak,
H.; Wong, G.; Pettit, G. R.; Bruns, J. D.; Blumberg, P. 34.Biol. Chem.
1994 269 115906-11594.
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serve as effective tools for PKC isozyme binding assay of tumor
promoters, for identifying new medicinal leads related to

isozyme selective PKC modulation, and for characterization of
the regulatory domain structure under physiologically relevant
conditions.

Only the C1A peptide of PKE (y-C1A) showed potent
PDBu binding comparable to that of the C1B peptides of BKC
and ¥ (a-C1B andy-C1B). This is an unexpected result, since
- .__Jt has been long believed that the two C1 domains of PKC

-C1A. The binding was evaluated by the same procedure as describe; - : : ;

i):‘l Figure 3. The fi?lal concentrationyof each ClrfA peptide was 20 or 4sozymes are functionally _equwale‘kﬁ‘? What IS the major role

200 nM. The specific binding of 200 ni-C1A (73 000 dpm) was of C1A, then? Do they bind only pho,Sphat'dylse”r?e to make

fixed at 100. All compounds were tested simultaneously, and the bars the membrane-bound PKC stable? Might they function as weak

represent standard deviation. TKgvalue from Scatchard analysis of ~ Pre-coordination sites to increase the effective local concentra-

the BH]PDBu binding to 30-Fy-C1A wasca. 600 nM, 10-fold larger tion of diacylglycerols destined for C1B? Alternatively, there

than that ofy-C1A (65.8 nM). might be ligands other than phorbol esters which bind to C1A.
In fact, Slateret al3® have recently reported that Pi&@ontains

To identify the additional amino acid residues required for two domains that bind phorbol esters and diacylglycerols with
PDBU recognition, we focused on the two C1 domafh& 1A opposite affinities. Identification of compounds with potent
and y-C1A. Although these peptides differ only in the five ~C1A-binding affinity is a challenging problem.
amino acid residues at positions 25, 30, 36, 41, and 50, the _ 1he fact that PDBu is g-ClA-selective ligand and that
former is almost inactive, while the latter is a potent PDBu PKC?/ has two hlgh-afflnlty phorbol es_ter-blndlng domains
binder. Careful sequence comparison led to the hypothesis thalprowd.es a structural b"%ep.”f“ for the rational dg5|gn of PKC
the 25-F and 30-F residues are responsible for the drasticselectlve actlvgtors or |nh|b|t0rs. The synthesis and study of
decrease of the PDBu binding BfC1A (anda-C1A), since such systems is currently in progress. The effects of m_etal ions
these residues are close to the putative PDBu-t;inding do- other than zinc haye al‘_s,o shown_that P)_Kéan_be selectlvgly

3435 ; ) i regulated by cadmium ion. PKGs a unique isozyme which
main343> Residue 30-F is especially noteworthy because all

. " " " exists exclusively in the brain and the nervous system, unlike
C1As with weak or no PDBu-binding ability have aromatic ,a other PKCs. Recently, Malmbeegal. £ drawing on studies

amino acids such as tyrosine and phenylalanine in the 30th g5 5 PKCy knockout mouse, suggested that PKe@uld play a
position. In contrast, all C1Bs andC1A with strong PDBU-  gjgnificant role in pathological pain. This indicates that it may

binding affinity have aliphatic amino acids such as leucine and pe possible to alleviate nerve injury-induced neuropathic pain
methionine in this position. states without profound side effects if selective inhibitors of
Two mutants, 25-F~C1A and 30-Fy-C1A, were synthesized ~ PKCy can be developed. The present results clearly show that
and assayed for PDBu binding to test this idea. As shown in PKCy differs from the other PKC isozymes both in the PDBu
Figure 9, the PDBu-binding affinity of both mutants significantly Pinding of C1A and in the inhibitory effect by cadmium ion.
decreased. Scatchard analysis gavésaf ca. 600 nM for These results provide the basis for the rational design of new
30-F+-C1A, 10-fold greater than that gf-C1A (65.8 nM). medicinal agents with PKCselectivity.
These results indicate that the 25th isoleucine and 30th leucine
in y-C1A are necessary for strong PDBu binding. This result
also provides an explanation for the lack of PDBu-binding  General Methods. The following spectroscopic and analytical
affinity of atypical PKCs along with Kazanietz's 11-P mutant instruments were used: MALDI-TOF-MS, PerSept!ve Blosystgms
of PKCE,%8 in which the 30th amino acid residue is tyrosine. Voyager-DE STR (20 kV); CD, Jasco J-700; peptide synthesizer,

. . PerSeptive Biosystems model 9050 plus and model 9030 (Pioneer
Therefore, 11-P-30-I.-C1 was synthesized and its PDBu- Peptide Synthesizer); HPLC, Waters model 600E with model 484 UV

binding affinity determined. However, 11-P-30&:€1 did not detector and Waters model 625LC with model 486 UV detector.
show any binding, even at/#Vl, suggesting that further amino  MALDI-TOF-MS was measured as follows: each C1 peptide dissolved
acid residues are responsible for lack of the PDBu binding of in 0.1% TFA aqueous solution (50 pmel/) was mixed with saturated
PKCE. a-cyano-4-hydroxycinnamic acid in 50% GEN containing 0.1% TFA
; . in the ratio of 1:1. One microliter of the resultant solution was subjected
It is also noteworthy that-C1A andz-C1A contain one  {g the measurement. Angiotensin | and ACTH-@8) were used as

excess valine at the 24th position, unlike the other C1 peptides.external references. HPLC was carried out on YMC-packed SH-342-5
This additional valine might interfere with the proper folding (ODS, 20 mm i.d.x 150 mm) and YMC-packed A-311 (ODS, 6 mm
and PDBu binding of these C1 peptides, since recent investiga-i-d. x 100 mm) columns (Yamamura Chemical LaboratoryH]PDBu
tions**35suggest that phorbol esters fit into anarrow groove of ~(59) Slater, S. J,; Ho, C.; Kelly, M. B.; Larkin, J. D.; Taddeo, F. J.;
the C1 created by the 2@27th amino acid residues. Yeager, M. D.; Stubbs, C. Dl. Biol. Chem.1996 271, 4627-4631.

Conclusion

100 In summary, we have synthesized the cysteine-rich domains
= 4 20 nsM 200 nM of all known PKC isozymes and determined their chemical
E g0 h istics for the first ti E ly high yield
S« 80 characteristics for the first time. Extremely high yields were
g 3 achieved on a Pioneer Peptide Synthesizer using Fmoc chemistry
3 60 - with HATU as a coupling reagent. The zinc-folded C1B
£ peptides of all conventional and novel PKCs bound strongly to
g PDBu, withKq4 values comparable to those corresponding native
E 40 E PKC isozymes. The zinc-folded peptides in buffer solution were
E E stable for at least 1 month at €, suggesting that they can
W
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Figure 9. Specific PDBu binding of-C1A, 25-Fy-C1A, and 30-F-
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(19.6 or 21.0 Ci/mmol) was purchased from NEN Research Products. Table 2. Yields and MALDI-TOF-MS Data of All C1 Peptidés
Unless otherwise noted, reagents were obtained from Sigma or Wako
Pure Chemical Industries. Native rat PKC-5, -y, and ¢ were
prepared by the method reported previolf8ly.

yield obsd cald mass
C1 peptides (%) mass (MH*)  molecular formula

Synthesis of the C1 Peptides of All PKC IsozymesAlmost all a"gig‘ 1‘;1 65%;%22%38 g%é%%% 2@H4°2N7586657
of the C1 peptides were synthesized in a stepwise fashion on Fmoc- E:CM 79 611175 611118 ﬁ”ﬂegomgj
Gly-PEG-PS resin (PerSeptive Biosystems) by the Pioneer Peptide /s <1 139 577530 5774.93 zmizd\l;iozgsm
Synthesizer using Fmoc chemistfy.Fmoc amino acids (PerSeptive y-C1A 43 609671 6097.13 s@Hi0MN7OeeSe
Biosystems) were used with the following side-chain protection: Cys- ,_c1B 4.2 577243 5772.81 oeH38N7706S0
(Trt), Asp(OtBu), Glu(OtBu), His(Trt), Lys(Boc), Asn(Trt), GIn(Trt), o-C1A 0.5 5928.46 5928.02 seHi0N74066Ss
Arg(Pbf), Ser(tBu), Thr(tBu), Tyr(tBu). The Fmoc group was de- §-C1B 2.7 5858.39 5858.92 6H304N75060s
blocked with 20% piperidine in DMF for 5 min (flow rate, 8.8 mL/ e-C1A 3.4 616259 6163.36 &Hi2N7¢070Ss
min). The coupling reaction was carried out using each Fmoc amino «-C1B 14.6 5815.67 5814.89 6H30eN79066S,
acid (0.8 mmol), HATU (0.8 mmol), and DIPEA (0.95 mmol) in DMF ~ #-C1A 0.5 6077.25 6077.23  JaHa0dN79067Ss
for 60 min (flow rate, 30 mL/min). Each Fmoc amino acid (0.8 mmol)  #-C1B 4.7 5816.22 5815.94  6H30MN760655
and HATU (0.8 mmol) weighed in a test tube was dissolved in 3.8 mL  6-C1A 9.0 5937.03  5936.95  AdHa0dN7:07:S
of the base solution (0.25 M DIPEA in DMF). The mixture was purged 6-C1B 117 5798.22  5797.82  2KHs0iN7e067Sr
with a N, stream and added within 2 min to the column containing the /Clgi 133 ggéégg ggg?gg zg;‘;ﬂz;‘gzz&

resin with a flow rate of 30 mL/min. Final amino acid and HATU 25-F4-C1A 59 613102 613114 M 10N 71066

concentrations in the coupling reaction weee0.2 M. In the synthesis 30-Fy-C1A 46 6131.87 6131.14 HaoN7OseSs

using the model 9050 plus peptide synthesizer, the mixture was added 11-P-30-L&-C1 157 5911.94 591213  »6H»NgOssSs
10 min after addition of the base solution. Final amino acid and HATU

concentrations werea. 0.25 M, and the flow rate was 6 mL/min, 2 These peptides were synthesized by a PerSeptive Biosystems model
respectively. 9030 (Pioneer Peptide Synthesizer), exceptife€l1A, 6-C1A, and
0-C1B, which were synthesized by a PerSeptive Biosystems model

After completion of the chain assembly, each peptide resnl(.5 9050 plus
g) was treated with a cocktail containing TF#;cresol, thioanisole, = ) )
and ethanedithiol (24, 0.6, 3.6, and 1.8 mL, respectively). After 2 h (2504L)in a 1.5-mL Eppendorf tube contained 50 mM Tris-HCI (pH
of shaking at room temperature, the resin was filtered and washed with 7.4 at 25°C), 50 ug/mL 1,2-di-€is-9-octadecenoylynglycero-3-

a small amount of TFA. The filtrate was then distributed in four tubes POSPha:-serine, 3 mg/mL boving-globulin, PH]PDBu (19.6 or 21.0

(ca. 10 mL each). Ether (35 mL) was added to each tube to precipitate Ci/mmol), and each PKC surrogate peptide. For determination of PDBu
the crude peptide. The mixture remained &C4for 10 min and was saturation curves for Scatchard analysis, concentrations of drge [
then centrifuged (3000 rpnx 5 min). The precipitate was washed PDBuU betweer} 2 and 100 nM were used. In the standard binding assay,
with ether five times and dried under an argon stream. ° g'\l/IACl %Epg(ieB ?)ndd_ZO nIVFPH]PDlEE)u V,\‘;Ieéel used-.d Foréhz)'%lB'

The crude peptide was dissolved in 10% acetic aca {0 mL) JIS-DBU ’V\ienreyl;sed IIDnhon.']sg r?;tsic?ylss’ering was s%ipt:enzzg in 50 I)r‘::]i/l Tris-
and applied to the gel filtration column (Sephadex G-15, Pharmacia, HCI (oH 7.4) b s t.p 1y - d add dl? the ab "
200 g), equilibrated with 10% acetic acid. Elution with 10% acetic mixttﬁ?e -4) by sonication (1 min) and added to the above reaction
acid gave several ninhydrin-positive fractions, which were pooled and : . . . .
lyophilized. The gel-filtered peptide was purified by HPLC using the The above-mentioned C1 peptide solution (29, pretreated W'th
SH-342-5 column with elution at 8 mL/min by a 160-min linear gradient ZnCl, or other metal sa_lt, was ‘?‘dded to the standard assay mixture
of 10-60% CHCN in 0.1% TFA. The peak of each C1 peptide was (247.1_/¢L), and the solution was |ncu_bated at 30 for 20 min. After
collected and concentratéal vacuobelow 30°C to remove CHCN. the mixture was cooled at for 5 min, 1.87”L Of 35% (w/w) poly-
Lyophilization of each residue gave a corresponding pure C1 peptide (ethyleneglycol) (average molecular weight 8000) was added to the

whose purity was confirmed by HPLG08%) using the A311 column. tubes, and the mixture was vigorously stirred. The tubes were incubated

Each purified peptide exhibited satisfactory mass spectrometric dataat 0°C for 15 min and centrifuged for 20 min at 12 000 rpm in an

(see the Supporting Information). The yields and mass data of theseEppendorf microcentrifuge at*C. A .507“L "’?"q“o.t .Of the supernatant
C1 peptides are summarized in Table 2. of each tube was removed, and its radioactivity was measured to

S s . . determine the free3H]PDBu concentration. The remainder of the
Metal Coordination. Metal coordination was carried out in a £

. o . . supernatant of each tube was removed by aspiration. The tips of the
?Selc')lﬂbp;g?segu‘?_';“Ifi(\jlg’vﬂglrasroégt?\?a(lg:tgg8 g:‘ Z":é?] i’lle?aelpstfl? tubes were cut off, and the radioactivity in the pellets was measured to

) . - . determine the bound3fiJPDBu. Specific binding represents the
in helium-purged distilled water (5 mM) were added to the peptide difference between thzl] total andpnonspecific gindiﬁg where the
solution, and the solution was allowed to stand &C4for 10 min. !

After 950 4L of helium-purged distilled water was added, an aliquot nonspecific binding for each tube was calculated from its measured

- . . - free PH]PDBuU concentration and its partition coefficient. In each
3 -
of the pepude solution (2.81) was used in the°H]PDBu-binding experiment, each point represents the average of at least triplicate
assay described below.

. ) . determinations.
For CD measurements, the initial concentration of each peptide was

55u0/154uL. Tothe pgptide_solution were a_dded 2.5 molar equiv (6 Acknowledgment. This research was partly supported by a
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[H]PDBu-Binding Assay of the PKC Surrogate Peptides. The
PDBu binding to the PKC surrogate peptides was evaluated using the
procedure of Sharkey and Blumbefg.The standard assay mixture

Supporting Information Available: MALDI-TOF-MS spec-
tra of all C1 peptides along with a HPLC chromatogram of
o-C1B (20 pages, print/PDF). See any current masthead page
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