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Small heat-shock proteins (sHSPs) are widely expressed

25–28 kDa proteins whose functions are dynamically regulated

by phosphorylation. While recent efforts have clearly delineated

a stress-responsive p38 mitogen-activated protein-kinase

(MAPK)-dependent kinase pathway culminating in activation of

the heat-shock (HSP)-kinases, mitogen-activated protein-kinase-

activated protein kinase-2 and -3, not all sHSP phosphorylation

events can be explained by the p38 MAPK-dependent pathway.

The contribution of protein kinase C (PKC) to sHSP phos-

phorylation was suggested by early studies but later questioned

on the basis of the reported poor ability of purified PKC to

phosphorylate sHSP in �itro. The current study re-evaluates the

role of PKC in sHSP phosphorylation in the light of the isoform

complexity of the PKC family. We evaluated the sHSP phos-

phorylation status in rat corpora lutea obtained from two stages

of pregnancy, mid-pregnancy and late-pregnancy, which express

different levels of the novel PKC isoform, PKC-δ. Two-

dimensional Western blot analysis showed that HSP-27 was

INTRODUCTION

The protein kinase C (PKC) family comprises a group of related

lipid-sensitive serine}threonine kinase isoforms which differ in

regulatory properties, tissue distribution and substrate prefer-

ences [1]. The PKC family is broadly divided into three sub-

families based on regulatory properties. The conventional iso-

forms possess Ca#+ and diacylglycerol}phorbol ester sensitivity,

the novel isoforms are Ca#+-independent but demonstrate diacyl-

glycerol}phorbol ester sensitivity ; the atypical isoforms are

insensitive to diacylglycerol}phorbol ester. We have previously

investigated the pattern of PKC-isoform expression in the rat

ovary as a function of physiological stage. The complement of

PKC isoforms identified in rat ovarian tissues includes the

conventional PKC-α and PKC-β, the atypical PKC-ζ and the

novel PKC-δ [2] and PKC-ε isoforms (C. A. Peters, unpublished

work). Among these isoforms, the novel PKC-δ isoform is

specifically and prominently induced at the end of pregnancy in

the rat corpus luteum [2,3]. The present study grew out of our

interest to identify luteal proteins which might serve as physio-

logical substrates for the abundant and activated PKC-δ in the

corpus luteum of late pregnancy. We have assessed the ability of

the small heat-shock protein (sHSP), variously called heat shock

protein (HSP)-25 (murine), HSP-27 (rat or human) or HSP-28

(human), to serve as a substrate for PKC-δ.

The sHSPs are widely expressed 25–28 kDa proteins subject to
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kinase ; ERK, extracellular signal-regulated kinase ; eEF, elongation factor ; sHSP, small heat-shock protein ; HSP, heat-shock protein ; MKK, mitogen-
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more highly phosphorylated in �i�o in corpora lutea of late

pregnancy, corresponding to the developmental stage in which

PKC-δ is abundant and active. Late-pregnant luteal extracts

contained a lipid-sensitive HSP-kinase activity which exactly co-

purified with PKC-δ using hydroxyapatite and S-Sepharose

column chromatography. To determine whether there might be

preferential phosphorylation of sHSP by a particular PKC

isoform, purified recombinant PKC isoforms corresponding to

those PKC isoforms detected in rat corpora lutea were evaluated

for HSP-kinase activity in �itro. Recombinant PKC-δ effectively

catalysed the phosphorylation of sHSP in �itro, and PKC-α was

30–50% as effective as an HSP-kinase ; other PKCs tested (β1,

β2, ε and ζ) were poor HSP-kinases. These results show that

select PKC family members can function as direct HSP-kinases

in �itro. Moreover, the observation of enhanced luteal HSP-27

phosphorylation in �i�o, in late pregnancy, when PKC-δ is

abundant and active, suggests that select PKC family members

contribute to sHSP phosphorylation events in �i�o.

dynamic regulation in response to cell stress, and to specific

mitogenic or differentiative stimuli. The dynamic regulation of

sHSP includes alterations in amount [4,5], phosphorylation state

[6–8], quaternary structure [6] and subcellular localization [9].

Functionally, alterations in sHSP content}phosphorylation re-

sult in modulation of actin filament formation and stability [8],

growth [10], glutathione metabolism [11] and secretion [9]. Since

many of the functions decribed for sHSP are contingent on its

ability to be phosphorylated, the complete description of the

components of sHSP phosphorylation pathways is critical to a

full understanding of sHSP function.

The phosphorylation of sHSPs has been studied both in �i�o

and in �itro. Two distinct pathways leading to sHSP phos-

phorylation in �i�o can be defined by pharmacological treatment

of cells. ‘Pathway A’, activated in response to stress}heat shock}
cytokine treatment of cells, is insensitive to chronic phorbol-

ester-induced down-regulation of PKCs, as well as to PKC in-

hibitors [7,12,13]. Two closely related p38 mitogen-acti-

vated protein kinase (MAPK)-activated kinases, mitogen-

activated protein kinase-activated protein kinase (MAPKAPK)-

2 and MAPKAPK-3, have emerged as the HSP-kinases involved

in ‘pathway A’ phosphorylation of sHSP [14–18].

In contrast to ‘pathway A’, acute phorbol-ester-induced

phosphorylation of sHSP in �i�o (‘pathway B’) is blocked by

chronic phorbol-ester-induced down-regulation of PKCs and by

PKC inhibitors [7,13]. PKC has been implicated as the HSP-
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kinase in ‘pathway B’ phosphorylation of sHSP [7,13,19] but the

ability to detect direct phosphorylation of sHSP by PKC in �itro

has varied among laboratories [19–21], resulting in controversy

as to whether PKC was indeed an HSP-kinase. This con-

troversy suggested to us that an isoform-selective phosphoryl-

ation might be occurring. The present studies show that the

Ca#+-independent PKC-δ is superior in its ability to phosphoryl-

ate sHSP compared with a panel of other PKC isoforms in �itro.

This observation is analogous to the ability of the elongation

factor (eEF)-1α to serve as a substrate for PKC-δ but not for

other PKCs [22]. Furthermore, the detection of phosphorylated

sHSP isolated from an intact tissue (the rat corpus luteum of late

pregnancy), in which PKC-δ is both abundant and activated,

suggests that this phosphorylation has physiological relevance.

MATERIALS AND METHODS

Materials

[γ-$#P]ATP (1000–3000 Ci}mmol) was from New England Nu-

clear ; purified recombinant human PKC isoforms were from

PanVera Corp., Madison, WI, U.S.A. ; purified recombinant

murine HSP-25 (recombinant HSP-25) was from Stressgen

Biotechnology, Victoria, BC, Canada; purified rabbit skeletal

muscle MAPKAPK-2 from Upstate Biotechnology, Lake Placid,

NY, U.S.A. and GF109203X was from Alexis, San Diego, CA,

U.S.A. 1-Chloro-4-phenyl-3--toluene-p-sulphonamidobutan-2-

one (TPCK) trypsin was from Worthington, histone H1 was

from Boehringer–Mannheim, Indianapolis, IN, U.S.A. and

electrophoresis reagents were from Bio-Rad, Richmond, CA,

U.S.A. Monoclonal HSP-27 antibody was from Dr. Michael

Welsh (University of Michigan, Ann Arbor, MI, U.S.A. ; [23]),

PKC-δ antibody [24] was from Dr. K. Mizuno and Dr. S. Ohno

(Yokohama City University School of Medicine, Japan; see

Figure 3 below); monoclonal PKC-δ antibody (lot 2, released

4}95) (see Figure 2 below) was from Transduction Laboratories,

Lexington, KY, U.S.A. ; control and phospho-specific (recog-

nizing phosphotyrosine-182) p38 MAPK antibodies were from

New England Biologicals, Beverly, MA, U.S.A. Other chemicals

were obtained from Sigma Chemicals, St. Louis, MO, U.S.A.

Animals

Sprague–Dawley rats (Charles River, Portage, MI, U.S.A.) were

housed at Northwestern University animal care facilities, main-

tained in accordance with the ‘Guidelines for the Care and Use

of Laboratory Animals ’ by protocols approved by the North-

western University Animal Care and Use Committee.

Tissue extract preparation

Corpora lutea were dissected from ovaries obtained from mid-

pregnant (day 11) or late-pregnant (days 16–22) rats. Dissected

tissues were homogenized in either TMES buffer [10 mM Tris}
HCl (pH 7.5)}4 mM MgCl

#
}1.0 mM EGTA}0.32 M sucrose] or

in protease}phosphatase inhibitor (PI) buffer, as described by

Das et al. [25]. A supernatant fraction (soluble extract) was

obtained by centrifuging the homogenate at 105000 g for 60 min

at 4 °C. When indicated, tissues were homogenized in lysis buffer

as described by Das et al. [25]. A clarified lysate containing both

soluble proteins and detergent-solubilized membrane proteins

was obtained by centrifugation of the homogenate at 12000 g for

10 min at 4 °C.

Phosphorylation incubations and kinase assays

Standard phosphorylation [24] using soluble extracts, column

fraction aliquots or recombinant PKC-δ (see Figure 5 below) as

enzyme sources was carried out in a final volume of 110 µl, which

contained 50 µl of enzyme source, 45 µM α-glycerol phosphate

buffer (pH 7.0), 0.9 mM dithiothreitol (DTT), 9.0 mM MgCl
#
,

4.5 µM ATP and additions as indicated below. Phosphorylations

were performed with or without (see Figure 1B) preincubation

for 3 min at 37 °C; the reactions were initiated by the addition of

5 µCi [γ-$#P]ATP in the presence or absence of the test substances.

The test substances added included lipids [phosphatidylserine

(45 µg}ml) and 1,2-diolein (1.6 µg}ml)] and either CaCl
#

[0.45 mM or 0.9 mM (see Figure 3E)] or EGTA (0.5 mM final

concentration). The Ca#+}EGTA buffer system was as described

previously [26]. Some incubations contained exogenous sub-

strates [unless otherwise indicated, recombinant HSP-25 or

histone H1 at 5 µg}110 µl of reaction medium or recombinant

HSP-25 at 2 µg}110 µl of reaction medium (see Figure 3)].

Incubations were performed at 37 °C for 1 min, and were

terminated by the addition of 50 µl of 3¬Laemmli SDS stop

solution [27] and by heat denaturation at 100 °C for 5 min.

Phosphorylation of recombinant HSP-25 or histone H1 by

recombinant PKC isoforms or by purified MAPKAPK-2 (see

Figures 4 and 6) included the following modifications.

Phosphorylation reactions were carried out, without pre-

incubation, with 20 µM [γ-$#P]ATP (6.3 µCi}110 µl of reaction

medium) for 3 min. An activity unit was defined as nmol $#P

transferred to the substrate}min.

The immune-complex kinase assay [27] was performed on

luteal PKC-δ immune complexes prepared by immuno-

precipitation. Luteal lysates (400 µg protein) were incubated at

4 °C overnight with 1 µg of monoclonal PKC-δ antibody, fol-

lowed by incubation for 2 h with 30 µl of Protein A–G-Sepharose

(Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.). Immune

complexes were collected, washed twice with low-salt radio-

immunoprecipitation assay (RIPA) buffer [25], once with high-

salt RIPA buffer [25] and once with TS buffer [25 mM Tris}HCl

(pH 7.0)}50 mM NaCl}200 µM sodium orthovanadate}1 mM

DTT] and were finally resuspended in 100 µl of TS buffer.

Phosphorylation reactions, using 55 µl of resuspended immune

complex as enzyme source, were carried out in an incubation

volume of 110 µl containing 40 mM Hepes, pH 7.0, 10 mM

MgCl
#
, 1 mM DTT, 200 µM sodium orthovanadate and 50 µM

[γ-$#P]ATP (5 µCi}110 µl of reaction medium), 2.5% DMSO

and 5 µg of recombinant HSP-25. Where indicated, phosphoryl-

ation reaction medium contained the PKC inhibitor, GF109203X

[13] (5 µM, final concentration). Phosphorylation reactions were

incubated for 15 min at 37 °C and terminated by the addition of

50 µl 3¬Laemmli SDS stop solution and by heat denaturation.

Chromatography

A soluble extract (26 mg protein in TMES buffer) was prepared

from luteal tissue (0.65 g wet weight) dissected from 30 late-

pregnant rat ovaries. For DEAE–hydroxyapatite chromato-

graphy, the extract was applied to a 6-ml column of Whatman

DE 52 DEAE cellulose and eluted with a 60-ml linear gradient

of 0–300 mM NaCl in TE buffer [10 mM Tris}HCl (pH 7.5)}
0.1 mM EGTA], 0.7 ml fractions were collected. The DEAE-

resolved PKC peak fractions were pooled and applied to a 3-ml

hydroxyapatite column. The column was washed with three

column volumes of 40 mM potassium phosphate (pH 7.5)}
0.1 mM EGTA, re-equilibrated with 10 mM potassium phos-

phate and eluted with a 100-ml linear potassium phosphate

gradient (10 mM–1.0 M (pH 7.5)}0.1 mM EGTA); 1.0 ml

fractions were collected. For S-Sepharose chromatography, the

luteal extract was applied to a 2-ml column of S-Sepharose fast

flow and was eluted with a 60-ml linear NaCl gradient (0–300 mM

in TE buffer) ; 0.7 ml fractions were collected.
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Gel electrophoresis

Separation of luteal proteins from mid-pregnant or late-pregnant

ovaries for Western blotting or [$#P]phosphoproteins for auto-

radiography was by SDS}PAGE using 10% or 12% separating

gels. In some experiments, the lysates were subjected to two-

dimensional PAGE, with isoelectric focusing using mixed

ampholines (pH 5–8}pH 3–10, 4:1, v}v) in the first dimension

and SDS}PAGE in the second dimension [28]. Quantification of

[$#P]phosphate incorporation was determined by image analysis

(Fujix Bioimaging analyser, BAS 2000), by densitometry of

autoradiograms (Bio-Rad Imaging Densitometer, model GS-

670) or, in some cases, by gel slice analysis. Excised slices were

solubilized in 20% (v}v) H
#
O

#
and 20% (v}v) perchloric acid at

75 °C for 3 h and $#P in the solute was measured by liquid

scintillation spectrometry.

Tryptic phosphopeptide analysis

Following phosphorylation of recombinant HSP-25 by PKC-δ

or MAPKAPK-2 and subsequent SDS}PAGE, gel slices cor-

responding to HSP-25 were excised from dried gels for digestion

by TPCK–trypsin as described by Cotto et al. [29]. Tryptic

peptides were separated by electrophoresis in pH 1.9 buffer at

18 mA for 30 min in the first dimension and by chromatography

in the second dimension [29]. Resolved $#P-labelled peptides

were revealed by image analysis (Fujix Bioimaging analyser,

BAS 2000).

Immunoblotting

Immunoblots were probed with "#&I-labelled Protein A

(Amersham International) [24] or bands were revealed by

enhanced chemiluminescence (ECL; Amersham International)

and quantified by densitometry. Bands on p38–MAPK immuno-

blots were revealed by alkaline phosphatase based enhanced

chemiluminescence according to the manufacturer’s instructions.

RESULTS

Detection of endogenous HSP-kinase activity in luteal extracts

HSP-27 from rodent sources comprises a single gene product,

which can be detected by two-dimensional PAGE as three pH

variants representing different phosphorylation states of the

same protein [30]. The three phosphorylation states correspond

to a more basic unphosphorylated protein, a protein containing

a single phosphorylated site and a protein containing two

phosphorylated sites per molecule, on Ser-15 and Ser-86 [21,31].

Two-dimensional PAGE followed by Western blotting for HSP-

27 was performed in order to compare the phosphorylation state

of HSP-27 in lysates prepared from rat corpora lutea of mid (day

11) or late pregnancy (day 22, day of parturition). Three pH

variants of HSP-27 were detected in corpora lutea of late

pregnancy, designated as a, b and c in Figure 1(A), which

corresponded to un-, mono- and di-phosphorylated protein

respectively. By contrast, only two pH variants (a and b) of

HSP-27 were detected in corpora lutea on day 11 of pregnancy,

corresponding to unphosphorylated and monophosphorylated

HSP-27 respectively. Thus HSP-27 was more highly phosphoryl-

ated in �i�o in late-pregnant comparedwithmid-pregnant corpora

lutea, suggesting that activatedHSP-kinase activities were present

in the late-pregnant corpus luteum in �i�o.

In order to confirm the presence of luteal HSP-kinase activity

which has undergone activation in �i�o, a soluble extract was

prepared under conditions that preserved the endogenous phos-

Figure 1 Detection of endogenously phosphorylated sHSP and endogen-
ously activated HSP-kinase activity in luteal preparations

(A) Lysates of corpora lutea from days 11 (mid pregnancy) and 22 (late pregnancy, day of

parturition) were separated by two-dimensional PAGE with isoelectric focusing using mixed

ampholines (pH 5–8) in the first dimension, as described in the Materials and methods section,

subjected to Western immunoblotting and probed with HSP-27 antibody. Immunodetected HSP-

27 pH variants are indicated by arrowheads marked a, b and c respectively. In phosphorylation

reactions, late-pregnant luteal extracts, prepared in the presence of phosphatase inhibitors, were

incubated (1 min) with recombinant HSP-25 (rec HSP-25) and (B) the kinase inhibitor H-7 or

(C) phosphatidylserine (PS), 1,2-diolein (1,2-DO) or both, as indicated. All reactions were

performed in the absence of Ca2+ (in the presence of EGTA). Molecular-mass markers are

shown on the left.

Figure 2 PKC-δ and p38 MAPK kinase activities in corpora lutea of mid
(day 11) and late (day 22) pregnancy

(A) Western immunoblot of luteal lysates probed with monoclonal PKC-δ antibody. (B) PKC-

δ kinase activity evaluated by immune complex kinase assay using exogenous recombinant

HSP-25 (rec HSP-25) as substrate following specific immunoprecipitation of PKC-δ from luteal

lysates. The PKC inhibitor GF109203X was included in control assays, as indicated. (C)

Western immunoblot of luteal lysates probed with antibody specifically reactive with the

activated, phosphorylated form of p38 MAPK (38-) (PHOSPHO) or with antibody reactive with

total p38 MAPK (CONTROL).
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Figure 3 Phosphorylation of HSP-25 by luteal PKC-δ following hydroxyapatite and S-Sepharose chromatography

(A—C) Analyses of hydroxyapatite fractions. (D—E) Analyses of S-Sepharose fractions. (A and D) Autoradiograms of separated [32P]phosphoproteins detected following phosphorylation reactions

in vitro performed on eluate fractions in the presence of EGTA (® Ca2+), phosphatidylserine (PS) and 1,2-diolein (1,2-DO) and with exogenous recombinant HSP-25 (rec HSP-25) (2 µg/110 µl

of reaction medium). The positions of recombinant HSP-25 and of autophosphorylated PKC-δ (identified as described in [2,24]) are indicated by arrows. Molecular-mass markers are shown on

the left. (B and E) Autoradiograms of phosphorylation reactions performed upon the eluted peaks of kinase activity in the presence or absence of activators as indicated [0.45 mM CaCl2 was used

in (B) and 0.9 mM CaCl2 was used in (E)], and in the presence of exogenous recombinant HSP-25 (rec HSP-25). Molecular-mass markers are shown on the right. (C and F) Immunodetectible

PKC-δ (top panels), autophosphorylated PKC-δ (middle panels) and HSP-kinase activity detected by phosphorylation of exogenous recombinant HSP-25 (rec HSP-25) with additions as indicated

(bottom panels). Phosphorylations indicated as  lipids included phosphatidylserine and 1,2-diolein. PSL®BG indicates photostimulatable luminescence units minus background.

phorylation state of the kinases (i.e. in the presence of phos-

phatase inhibitors) and was evaluated for activated HSP-kinase

activity. This approach was based on the understanding that the

activation state of a number of diverse kinases is linked with their

phosphorylation state. As shown in Figure 1(B) (lane 2), the

luteal soluble extract contained activated kinase activity which

was capable of phosphorylating exogenous recombinant murine

HSP-25. This phosphorylation reaction was performed without

the addition of exogenous kinase activators, and thus reflects the

endogenous activation state of the kinase(s). Incorporation of
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Figure 4 Comparison of HSP-25 phosphorylation by various recombinant
PKC isoforms

All incubations were for 3 min with the indicated PKC isoform (3.5 nM) as enzyme source and

either recombinant HSP-25 or histone H1 (HIS H1) (45 µg/ml or as indicated) as substrate,

and activators were included as indicated. Activators for conventional PKCs (α, β1, β2) were

0.45 mM Ca2+, phosphatidylserine and 1,2-diolein. Activators for novel PKCs (δ, ε) were

phosphatidylserine and 1,2-diolein, without Ca2+ (with EGTA). The activator for atypical PKC (ζ)
was phosphatidylserine [53] without Ca2+ (with EGTA). All reactions shown in (B) contained

activators. Phosphorylated recombinant HSP-25 migrated in some instances as a doublet (see

B), the upper band may represent a phosphorylation-dependent mobility shift.

$#P into exogenous recombinant murine HSP-25 in the phos-

phorylation reaction in �itro was decreased by inclusion of the

kinase inhibitor H-7 (Figure 1B, lane 3). As H-7 does not inhibit

MAPKAPK-2 type HSP-kinase activity [20,32], the decrease in

HSP-25 phosphorylation observed indicated that another activ-

ated HSP-kinase activity, an H-7-sensitive kinase, was present in

the luteal extracts. H-7 is an isoquinolinesulphonamide derivative

shown to be a potent and somewhat selective inhibitor for PKC

[33], which suggested that the activated kinase could correspond

to a PKC isoform.

Phosphorylations of luteal soluble extracts were also per-

formed in the presence of exogenous PKC activators, phos-

phatidylserine and 1,2-diolein, and in the absence of Ca#+,

conditions chosen to specifically enhance the activity of novel

(Ca#+-independent) PKC isoforms (Figure 1C). The results

showed that further enhancement of recombinant murine HSP-

25 phosphorylation was achieved under these conditions, which

promoted the selective activation of novel PKC isoforms (Figure

1C, lane 4). In contrast, phosphorylation of HSP-25 was not

enhanced by inclusion of lipid activators in the presence of Ca#+,

conditions which would support activity of the conventional

Ca#+-dependent PKC isoforms (results not shown). As PKC-δ is

the dominant novel PKC isoform identified in rat luteal tissue

[2,3], the potential involvement of PKC-δ as an HSP-kinase in

luteal tissue was further evaluated.

PKC-δ and p38 MAPK activities in mid- versus late-pregnant
luteal lysates

Luteal sHSP phosphorylation, as outlined in the Introduction,

would be expected to occur through the p38 MAPK-

dependent kinase pathway (pathway A) or through a PKC-

dependent pathway (pathway B). Kinases representative of

these distinct pathways were probed in mid- (day 11) or late-

(day 22) pregnant luteal lysates in order to define which pathway

might be differentially activated at the end of pregnancy.

We first confirmed the status of PKC-δ in mid- or late-

pregnant luteal lysates by Western immunoblotting, using

isoform-specific PKC-δ antibody. In agreement with our previous

observations on luteal soluble extracts [2,3], PKC-δ protein was

induced at the end of pregnancy (Figure 2A). Densitometry of

the bands gave a value of 3.84 arbitrary units at day 11 and 21.4

arbitrary units at day 22. The ratio of the densities for day

22}day 11 was 5.6. Levels of other rat luteal PKC isoforms,

PKC-α, β1 and β2, ζ and ε were not modulated during pregnancy

([3] and C. A. Peters, unpublished work).

The activation state of PKC-δ was assessed by immune-

complex kinase assay, and, as shown in Figure 2(B), more active

PKC-δ was immunoprecipitated from luteal lysates obtained on

day 22 (lane 3) compared with those obtained on day 11 (lane 1)

of pregnancy. Densitometry of the bands gave a value of 0.93

arbitrary units for day 11 (lane 1 minus lane 2) and 5.0 units for

day 22 (lane 3 minus lane 4). The ratio of the densities for day

22}day 11 was 5.4. The detection of active PKC-δ in luteal lysates

at day 22 is consistent with the observed translocation of luteal

PKC-δ to a membrane fraction in late pregnancy (C. A. Peters,

unpublished work). Thus by immunoblot analysis and by activity

assay, PKC-δ was both more abundant and active in day 22

luteal lysates compared with those of day 11, and would be

poised to mediate the differential phosphorylation of HSP-27

observed at the end of pregnancy.

The activation state of p38 MAPK at the end of pregnancy

was probed by Western blotting with phospho-specific

p38 MAPK antibody. As seen in Figure 2(C), the active phos-
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Figure 5 Phosphorylation of HSP-25 by recombinant PKC-δ

Reactions were performed with recombinant PKC-δ (10 nM) as enzyme source, recombinant HSP-25 (45 µg/ml) as substrate and in the absence of Ca2+ (presence of EGTA) for 1 min, unless

otherwise indicated. (A) Phosphorylations were performed in the presence or absence of recombinant murine HSP-25 and in the presence or absence of lipid activators, phosphatidylserine (PS)

and 1,2-diolein (1,2-DO), as indicated. Molecular-mass markers are shown on the left. (B) To delineate Ca2+ inhibition of PKC-δ autophosphorylation (upper panel) and HSP-25 phosphorylation

(lower panel), phosphorylation reactions were performed in the presence of Ca2+/EGTA buffer (lanes 1–8 and 11–18) or in the presence of 0.45 mM CaCl2 (lanes 9 and 19) or 1.0 mM EGTA

(lanes 10 and 20). (C) Phosphorylation reactions were performed in the presence of the indicated final concentrations of PKC-δ. (D) Phosphorylation reactions were performed for the indicated

times.

phorylated form of p38 MAPK was detected in luteal lysates,

however, the amount of active, phosphorylated p38 MAPK was

not increased at day 22 when compared with day 11. In contrast

to PKC-δ, components of the p38 MAPK pathway would not be

set to mediate the differential phosphorylation of HSP-27 ob-

served in day 22 versus day 11 luteal lysates.

Assessment of HSP-kinase activity following resolution of PKC-δ
from luteal soluble proteins by chromatography

In order to probe the identity of luteal lipid-stimulated HSP-

kinase activity further, resolution of luteal soluble proteins was

performed using chromatography. The soluble proteins were

initially separated using DEAE-cellulose and the PKC peak

fractions were pooled and subjected to further separation by

hydroxyapatite chromatography (Figures 3A–C). Alternatively,

the luteal soluble proteins were separated by chromatography

using a cation-exchange resin, S-Sepharose Fast Flow (Figure

3D–F).

The chromatography fractions were assayed for immuno-

reactive PKC-δ by Western blotting, for lipid-stimulated auto-

phosphorylation of PKC-δ, and for lipid-stimulated HSP-kinase

activity in the presence of added exogenous recombinant HSP-

25. Lipid-stimulated phosphorylation of the exogenous HSP-25

substrate was readily noted on autoradiograms (Figures 3A, B,

D and E). HSP-kinase activity eluted from each column as a

single peak, which exactly corresponded to the elution of

PKC-δ activity (Figure 3C,F). The phosphorylation of exogenous

HSP-25 had a strict requirement for lipid activators (Figures 3B,

C, E and F) and was maximal in the absence of Ca#+ (Figures 3B,

C and E).

Thus we observed that, using distinct chromatographic pro-

tocols, luteal lipid-stimulated HSP-kinase activity co-purified

with luteal PKC-δ. Because MAPKAPK-2 and -3 require con-

siderably higher salt concentration for them to be eluted from S-

Sepharose-type materials (" 0.15 M NaCl) [15,34,35] compared

with that required to elute PKC-δ (0.04 M NaCl) (Figure 3F), it

would not be expected that MAPKAPKs would co-elute with

PKC-δ.

Comparison of PKC-δ with other PKC isoforms as HSP-kinases

In light of our evidence that luteal PKC-δ displays lipid-

stimulated HSP-kinase activity in assays in �itro, we wished to

establish the ability of purified recombinant PKC-δ to function

as a direct HSP-kinase in �itro. We compared the ability of

recombinant PKC-δ with that of other recombinant PKC iso-

forms to phosphorylate recombinant murine HSP-25. We found

that, whereas PKC-δ readily phosphorylated recombinantmurine

HSP-25, PKC-α phosphorylated the same substrate to an in-

termediate extent and the other PKCs tested were poor HSP-

kinases (Figure 4A). The phosphorylation of HSP-25 was further

evaluated as a function of substrate concentration for three of

the enzymes, specifically PKC-α, PKC-δ and PKC-ε. The results

are shown in Figure 4(B). Again, PKC-δ phosphorylation of

HSP-25 was approximately two- to three-fold that of PKC-α,

and PKC-ε was consistently found to be a poor HSP-kinase at all
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Figure 6 Tryptic phosphopeptide maps of HSP-25 phosphorylated by PKC-
δ or MAPKAPK-2

Phosphorylation reactions were performed with either purified MAPKAPK-2 (1.0 units/ml) or

recombinant PKC-δ (3.5 nM) as enzyme source and recombinant HSP-25 (45 µg/ml) as

substrate. The PKC-δ reaction contained phosphatidylserine and 1,2-diolein. Following

SDS/PAGE, 32P-labelled HSP-25 bands were excised, digested and subjected to electrophoresis

and chromatography as described in the Materials and methods section. (Top panels)

Phosphorimager representations of each map. (Bottom panels) Phosphorimager representations

with a common overlay of traced spots superimposed. The origin is indicated as an X in the

lower left field of each panel.

substrate concentrations tested. Scatchard analysis of the phos-

phorylation rates for PKC-δ versus PKC-α indicated that PKC-

δ had a higher V
max

for HSP-25 phosphorylation (54.5 units}mg

[PKC-δ] versus 20.0 units}mg [PKC-α]) : K
m

values were similar

(112 nM for PKC-δ versus 140 nM for PKC-α). The ratio of

V
max

}K
m
, calculated as a measure of efficiency [36], was 482 for

PKC-δ and a value of 142 for PKC-α (units[l[mg−"
PKC

[
µmol−"

HSP-#&
) respectively.

To further evaluate PKC-δ as a direct HSP-kinase in phos-

phorylation reactions in �itro, additional characteristics of the

reaction were probed. HSP-25 was readily phosphorylated by

recombinant PKC-δ in a lipid activator- (Figure 5A), enzyme

concentration- (Figure 5C) and time- (Figure 5D) dependent

manner. It was noted that luteal PKC-δ preparations phos-

phorylated recombinant HSP-25 most effectively in the absence

of Ca#+ [see Figures 3B, C (bottom panel) and E]. To assess the

effect of Ca#+ on the HSP-25 phosphorylation by recombinant

PKC-δ, phosphorylation reactions were performed in which free

Ca#+ concentrations were controlled by the use of a Ca#+}EGTA

buffer system. Phosphorylation of HSP-25, as well as autophos-

phorylation of PKC-δ, was inhibited by increasing concentrations

of Ca#+ (Figure 5B), a characteristic previously reported for

PKC-δ-mediated phosphorylation of GAP-43 [37] and for PKC-

δ autophosphorylation [26].

Phosphorylation of HSP-25 by recombinant PKC-δ and
MAPKAPK-2 : comparison of tryptic phosphopeptide maps

Phosphorylation of rodent HSP-25 on two sites, corresponding

to Ser-15 and Ser-86, is amply documented for phosphorylation

in �i�o in response to all classes of stimuli and in �itro by the

stress-activated kinase MAPKAPK-2 [21,31]. To determine

whether the same sites corresponded to sites phosphorylated by

PKC-δ, we compared the phosphopeptide maps following tryptic

digestion of HSP-25 phosphorylated by PKC-δ and MAPKAPK-

2 respectively. As seen in Figure 6, the tryptic-generated phos-

phopeptide maps are very similar. The arrays of phosphorylated

spots on the maps were superimposable, demonstrated by the

common traced overlay positioned over each map respectively

(Figure 6, bottom panels), although the intensity of certain spots

differs between enzymes. The results of tryptic mapping are

consistent with the recognition of Ser-15 and Ser-86 as potential

phosphorylation sites by PKC-δ, in concert with other enzymes.

These results are also consistent with the HSP-25 phos-

phorylation sites reported for PKC purified without respect to

isoform [21]. Notably, the HSP-25 tryptic phosphopeptide maps

obtained conformed with the HSP-25 tryptic phosphopeptide

map obtained following phosphorylation in �i�o in intact

phorbol-ester-stimulated murine keratinocytes reported pre-

viously [38].

DISCUSSION

Our results demonstrated that HSP-27 was detected in a phos-

phorylated state in �i�o in the pregnant rat corpus luteum, and

was correspondingly more highly phosphorylated at a luteal

developmental stage in which PKC-δ was both more abundant

and active.Notably, the increased luteal HSP-27 phosphorylation

in late pregnancy was not correlated with corresponding changes

in p38 MAPK activity. A luteal Ca#+-insensitive, phospholipid}
diacylglycerol-sensitive kinase, exactly co-purified with PKC-δ

through distinct chromatographic steps and catalysed the phos-

phorylation of sHSP in �itro. Finally, recombinant PKC-δ readily

phosphorylated sHSP in �itro in a lipid-dependent manner.

Recombinant PKC isoforms were compared to determine

whether there might be preferential phosphorylation of sHSP by

a particular PKC isoform or by a particular subset of PKC

isoforms. Recombinant PKC-δ effectively catalysed the phos-

phorylation of sHSP in �itro, whereas PKC-α was 30–50% as

effective as an HSP-kinase, and other PKCs tested (β1, β2, ε and

ζ) were found to be poor HSP-kinases.

The sHSP exists as a phosphoprotein whose function and

structure show dynamic alterations in response to changes in its

phosphorylation state. sHSP is phosphorylated on identical

serine residues (see below) following exposure of a wide variety

of cells to diverse stimuli. Although phosphorylation sites are

identical, the susceptibility of sHSP to phosphorylation induced

by a particular stimulus or through a particular kinase pathway,

is not uniform, but rather it is specific to the cell type and the

differentiation state of that cell [5].

The sHSP is subject to phosphorylation in intact cells following

exposure to heat shock [13,30], chemical stress [6,8,30], and

various cytokines including tumour necrosis factor alpha (TNFα)

and interleukin-1 (IL-1) [7,12,30,39]. These diverse treatments

have been shown to cause sHSP phosphorylation through the

activation of a phosphorylation-dependent kinase cascade

schematically depicted as Pathway A in Scheme 1. The pathway

A kinase cascade culminates in activation of HSP-kinases,

MAPKAPK-2}-3 [14–18]. In �i�o, p38 MAPKs function as

activating kinases immediately upstream of MAPKAPK-2}-3
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Scheme 1 Schematic representation of kinase pathways leading to sHSP
phosphorylation

For pathway A see review by Denhardt [40], pathway B is based on information in

[5,7,13,19,43]. The sHSP (sm HSP) residues subject to phosphorylation are shown as Ser-15

and Ser-86 [21] ; these represent identified phosphorylation sites in rodent sHSPs. MKK-6,

-3, MAPK kinase types 6 and 3 ; MEK, MAPK- and ERK-kinase ; RAF, Raf protein kinase.

[14,16,17,34,39] ; p38 MAPK (the mammalian HOG 1 analogue)

is in turn activated by upstream activating kinases, MKK-6 and

MKK-3 [40]. The p38 MAPK kinase cascade is analogous to the

stress-activated Jun kinase and extracellular signal-regulated

kinase (ERK)}MAPK cascades [40]. The sHSP phosphorylation

events induced by heat shock}stress}cytokine exposure are

resistant to treatments which block PKC, including PKC down-

regulation and PKC-specific pharmacological inhibitors

[7,12,13], and MAPKAPK-2}-3 activation has been shown to

occur independently of PKC activation [17,41,42]. Consistently

with these reports, we have recently found follicle-stimulating-

hormone induction of sHSP phosphorylation in immature rat

ovarian granulosa cells to be correlated with increased

p38 MAPK activation, and to be resistant to PKC inhibition

(E. T. Maizels, J. Cottom, J. C. R. Jones and M. Hunzicker-

Dunn, unpublished work).

Phosphorylation of sHSP has also been found following acute

exposure of a variety of cell types to phorbol esters [5,7,13,19,43].

The sensitivity of acute phorbol-ester-stimulated sHSP phos-

phorylation to PKC down-regulation}inhibition [7,13], in con-

trast to ‘pathway A’, supports the notion that phorbol esters

cause the phosphorylation of sHSP through a distinct PKC-

dependent pathway, depicted in Scheme 1 as ‘pathway B’.

Moreover, phorbol-ester-stimulated sHSP phosphorylation re-

actions have been documented to occur without phorbol-ester-

induced activation of ‘pathway A’, at least in some cellular

settings. We have found recently phorbol ester stimulation

of sHSP phosphorylation in immature rat ovarian granulosa

cells to be sensitive to PKC inhibition and to be independent of

p38 MAPK (E. T. Maizels, J. Cottom, J. C. R. Jones and M.

Hunzicker-Dunn, unpublished work). Likewise, in human lung

MRC-5 fibroblasts, phorbol ester treatment induced increased

sHSP phosphorylation [12] without inducing activation of the

MAPKAPK-2}-3-type HSP-kinase activity [41]. Coexistence of

phorbol-ester-stimulated sHSP phosphorylation reactions with

heat shock}stress}cytokine-induced sHSP phosphorylation re-

actions in the same cell type suggests that both pathways A and

B could be physiological pathways participating in sHSP phos-

phorylation in a given cell [7,12,13].

PKC-dependent pathways could feature PKC functioning

directly as an HSP-kinase [19] (Scheme 1, pathway B, see also

below). PKC might also function indirectly to elicit sHSP

phosphorylation through PKC-stimulated activation of other

downstream kinases. Phorbol ester treatment can stimulate p38

MAPK activity substantially in some settings [44] but not in

others [45,46] (see also [17]). Additionally, the PKC-stimulated

activation of the ERK}MAPK pathway has been documented

[40]. Although p38 MAPK has been delineated as the upstream

activating kinase for MAPKAPK-2}-3 in �i�o [14,16,34,39],

other MAPK families, including ERK}MAPKs, have also been

reported to activate MAPKAPK-2}-3 in certain experimental

settings [18]. Alternatively PKC could function in a given cell in

both direct and indirect modes. We suggest that the relative

contributions of direct and indirect modes to overall pathway-B-

mediated sHSP phosphorylation could vary, depending on cell

type and cell differentiation state and, in particular, depending

on which PKC isoforms are present in a cell.

The ability of PKC to function directly as an HSP-kinase has

been addressed in several studies in �itro, with conflicting findings.

Regazzi et al. [19] reported phorbol-ester-stimulated phos-

phorylation of MCF-7 cell 27-kDa sHSP upon the addition of

purified PKC in a reaction in �itro. Gaestel et al. [21] observed

the phosphorylation of recombinant murine sHSP on two sites

by purified PKC in �itro. However, Zhou et al. [20] found

recombinant hamster sHSP to be a poor substrate for purified

PKC in �itro. The findings of Zhou et al. [20] have therefore

raised questions about the role of PKC as a direct HSP-kinase.

However, the isoform composition of the purified PKCs in these

studies is not known. The PKC preparation used by Zhou et al.

[20] could possibly be comprised of PKC isoforms which do not

readily phosphorylate sHSP, and would thus not be represen-

tative of the abilities of individual members of the PKC family to

serve as HSP-kinases. Our results show that PKC-δ, and to a

lesser extent PKC-α, can clearly function as HSP-kinases in �itro,

whereas the other PKC isoforms analysed are poor HSP-kinases.

The findings that phorbol ester could elicit sHSP phosphorylation

in �i�o only in certain cell types and only in certain differentiation

states [5], might be explained by differences in the cellular

expression of specific PKC isoforms which vary in their ability to

function as direct HSP-kinases.

Two major phosphorylation sites, Ser-15 and Ser-86, have

been identified in the murine sHSP, HSP-25 [21]. Although the

position numbers differ slightly among species, sequences in-

cluding these sites are conserved in the sHSPs of mammalian

species, including the other rodent species. An additional serine

residue, representing a minor phosphorylation site in the human

HSP-27 (Ser-78), is not conserved in rodent species [30]. Gaestel

et al. [21] have postulated that, in murine HSP-25, Ser-15 and

Ser-86 are accessible to phosphorylation by various kinases

because these sites are structurally exposed. The sequences

surrounding the phosphorylation sites (sequence at Ser-15:

LLRSPSWE; sequence at Ser-86: LNRQLSSGV) correspond to

MAPKAPK-2}-3 recognition sequence ‘H’XRXXSXX, where

‘H’ is a hydrophobic residue [32,34].

It is notable that the sequences surrounding Ser-15 and Ser-86
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contain incomplete PKC recognition motifs, specifically RXXS,

with a single basic residue proximal to the phosphorylation-site

serine residue. A second distal basic residue, which would make

these sites correspond to the complete PKC recognition sequence,

RXX(S}T)XR, is not found near either site. Recently, a sequence

with one or more basic residues proximal to the phosphorylatable

serine}threonine residue but having non-basic or hydrophobic

residues, rather than basic residues, distal to the phosphorylatable

serine}threonine residues [(R}K)X
n="-#

(S}T)XX*, where X* is

non-basic], has been reported to comprise a PKC-δ preferential

phosphorylation sequence [22,47]. Kielbassa et al. [22], studying

the phosphorylation of eEF-1α and peptides based on eEF-1α,

analysed the sequence preference of PKC-δ compared with other

PKC isoforms. These authors found that the presence of a single

basic residue proximal to the phosphorylation-site threonine

residue in eEF-1α-derived peptides allowed for preferential

phosphorylation of that site by PKC-δ when compared with

other PKC isoforms. In contrast, the presence of additional basic

residues proximal and, most critically, distal to the phos-

phorylation-site threonine, creating a full PKC recognition site,

resulted in loss of selectivity with peptide phosphorylation by all

PKC isoforms. Thus the sHSP phosphorylation sites, Ser-15 and

Ser-86, lie in PKC-δ-preferential recognition sequences. The

similarity of MAPKAPK-2}-3 recognition sequence and PKC-δ

preferential recognition sequence suggests that other

MAPKAPK-2}-3 substrates, in addition to sHSP, could also

potentially be PKC-δ substrates.

Further studies are required to elucidate the function of

phosphorylated HSP-27 in the rat corpus luteum of late preg-

nancy. Phosphorylated HSP-27 is thought to participate in actin

filament remodelling, characterized by an increase in filamentous

actin at the cell membrane and leading to cell surface blebbing

[8], and thus could play a role in luteal hormonal secretory events

accompanying parturition. Phosphorylation of sHSP has been

associated with secretion in other systems [9] and may drive the

accelerated release of relaxin from membrane-bound storage

granules in rat luteal cells, resulting in the marked increase in

serum relaxin seen in the last three days before parturition

[48,49]. Notably, phorbol-ester treatment induced relaxin se-

cretion from porcine luteal cells [50]. Additionally, mediation of

actin filament remodelling by phosphorylated HSP-27 could

participate in luteal remodelling}regression, i.e. luteolysis, that

coincides with parturition. Prostaglandin F2α, a luteolytic agent

secreted by the uterus at the end of pregnancy (see [51] for

review) has been shown to activate luteal phospholipase C,

eliciting phosphatidylinositol turnover and the consequent ac-

tivation of PKC (see [52] for review).

In summary, the present report shows that HSP-27 exists in rat

corpora lutea in a highly phosphorylated state at a time when

PKC-δ is both abundant and activated. We have further shown

that recombinant HSP-25, the murine analogue of HSP-27, is

efficiently phosphorylated by purified PKC-δ and to a lesser

extent by PKC-α, whereas other PKC isoforms were not effective

HSP-kinases. Recognition of the PKC-isoform selectivity of

sHSP phosphorylation may explain and resolve the reported

differences among laboratories in the ability to detect direct

phosphorylation of sHSP by PKC in �itro, and accordingly

would help to establish PKC as a ‘physiological ’ HSP-kinase.
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