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ABSTRACT. The affinities of C&" and anionic lipid vesicles from the C2 domains of classical protein
kinase C subfamilyd, Sll, andy) were studied using isothermal titration calorimetry (ITC). In addition,

the thermal stability of these C2 domains in the presence of different ligand concentrations was analyzed
using differential scanning calorimetry (DSC). These three closely related C2 domains BinthGa

similar way, demonstrating the presence of two sets of sites. The first set of sites binds?orierCa
exothermically with similar high affinity for the three protein§s(@around 1uM), while the second set of

sites binds endothermically approximately two?Caons with lower affinity, which varies for each C2
domain: 22.24M for the PKGr—C2 domain, 17.2M for the PKGIl —C2 domain, and 4.2M for the
PKCy—C2 domain. In the absence of Cathe three C2 domains showed a weak interaction with vesicles
containing anionic phospholipids. However, in the presence of a saturatiigcGacentration, the C2
domains increased their affinities for the anionic lipid vesicles. In all cases, the C2 domains bound the
vesicles exothermically and with similar affinities. A DSC thermal stability study of the C2 domains in
the presence of Caand anionic lipids provided further information about this protdigand interaction.

The presence of increasing €aoncentrations was matched by an increase inthim all cases, which

was even greater in the presence of anionic lipid vesicles. The extent of the chahgeliffered for

each C2 domain, reflecting the differing effect of the ligands bound during the protein stabilization.
Denaturation of the C2 domains was irreversible both in the absence and in the presence of ligands,
although the thermograms were not kinetically controlled. The dependence dfntlm the Ca"
concentration indicates that the protein stabilization observed by DSC primarily reflects the saturation by
the cation of the low-affinity set of sites.

Protein kinase C (PK@)Js a large family of phospholipid-  many extracellular signals and plays a critical role in several
dependent serine/threonine kinases, which is activated bysignaling pathways in the celll{-3). The mammalian
isoenzymes have been grouped into three subfamilies ac-
" This work was supported by Grants BMC2002-00119 from €Ording to their enzymatic propertie$+5). The first group,
Direccitn General de InvestigaaipMinisterio de Ciencia y Tecnoléa! called classical isoenzymes, includes RK@I, gll, and y,
(Spain) and P1-35/00789/FS/01 from FundacBeeca (Comunidad  all of which contain the conserved C1 and C2 domains in
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and at the bottom, as seen from the crystal structures of thechangesAH) (40). Using ITC experiments, the dissociation
C2 domains from synaptotagmin 1¢—12), phospholipase  constant Kq) and the stoichiometrynj of the interaction

C-6 (13—14), phospholipase A216—-17), PKC3I (18), between a protein and a ligand can also be obtained. On the
PKCS (19), PKCa (20—22), PKCe (23), PTEN @4), and other hand, DSC gives immediate access to the mechanism
PI3K (25). In the case of synaptotagmin I, the two phos- of protein denaturation and it can be used for protdigand
pholipases, PK@I, and PKGy, the C2 domain contains a interaction studies 41—44). The combination of both
Ca&*-binding site, which is formed by a pair of loops located techniques provides a more comprehensive description of
on one side of the domain. The C2 domains can adopt twothe thermodynamics of an interacting system. Some C2
topologies, called type | and type Il, which only differ in a domains from different proteins [phospholipasélcC2
circular change of the amino and carboxi termini with respect domain @5), phospholipase A2eC2 domain 16), phos-

to the tertiary fold (reviewed in ref26 and27). In the case pholipase & and phospholipasef-C2 domains46), and

of PKC, the C2 domains of classical isoenzymes have a PKCe—C2 domain 47)] and their interaction with ligands
type-l topology (8, 20—22), whereas novel isoenzymes have also been studied using these methods.

(such as PK@ and PKG) exhibit a type-Il topology,

although the C#-binding site is degeneratedq, 23). EXPERIMENTAL PROCEDURES

In the C2 domains that bind €3 as in classical PKCs,
the C&"-binding site, which is formed mainly of five
aspartate side chains, is located at the flexible top loops and
binds two or three Cd ions (18, 20—21). The presence of
phospholipid membranes increases the overdl @éinity
and makes the Ca binding highly cooperativels, 28—

31). Anionic phospholipids have been shown to bind to the
C2 domain of PK@ in two different locations, namely, the
C&"-binding pocket, where it interacts with one of the bound
C&" ions @0), and in the vicinity of the lysine-rich cluster
located at strand83 andfp4 (21). It has been demonstrated
both in vivo and in vitro that the C2 domain of PI&C
mediates this Ca-dependent binding8~9).

In this paper, we will focus our attention on the classical
PKCs @, g1, pII, andy). Although these proteins share
similar structural and enzymatic properties, they are distrib-
uted in tissues and cells in a type-specific manner (reviewed
in refs 32 and 33), with different levels of expression. In
this sense, PK& is found in all cell types, while PKGI
and PKJII are found in some tissues, and PK(S found

Materials. 1-Palmitoyl-2-oleoylsn-glycero-3-phosphocho-
line (POPC) and 1-palmitoyl-2-oleoglr+glycero-3-phospho-
L-serine (POPS) were purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL). lonophore A23187 and chelating resin
(iminoacetic acid, Chelex-100) were purchased from Sigma
(Madrid, Spain). Isopropyl-1-thig-p-galactopyranoside
(IPTG) was purchased from Roche Diagnostics (Barcelona,
Spain). Ni-NTA agarose was purchased from Quiagen
(Hilden, Germany). Calcium-standard solution (Tritisol) was
purchased from Merck (Barcelona, Spain). Water was
distilled 2 times and deionized using a Millipore system from
Millipore Ibérica (Madrid, Spain). All buffers and proteins
were passed through a column with Chelex-100 to eliminate
contaminant calcium. Residual calcium after Chelex-100 was
measured using ICP-OE spectroscopy with a Pefkimer
Optima 2000 DV spectrometer (Perkiilmer, Wellesley,
MA). The treatment with Chelex-100 eliminated almost all
calcium from the buffers (residual calcium was less than 0.02
uM), but it could not remove all calcium from the protein

only in the central nervous syste. In addition, the level solutions. Therefore, in this case, residual calcium was

of specialization among classical PKCs is high. When all of apprommat-ely a4l molar. rgtlo-o.f protgm/{i‘a
these facts are taken into account, clarification of the Preparation of Phospholipidd.ipid vesicles were gener-

differences in classical isoenzyme regulation is very interest- at€d by mixing chloroform solutions of POPC and POPS at
ing to explain their variable cellular localizations and levels the desired proportions (POPC/POPS, molar ratio of 2:3) and
of expression. We have chosen the C2 domains of thesel®nophore A23187 (at a 1000:1 molar ratio of phospholipid/
related isoenzymes to carry out a comparison of their thermal’onophore). Lipids were dried from the organic solvent under
stability and their affinities for C& and phospholipid a stream of oxygen-free nitrogen, and then the last traces of
membranes because the C2 domain is heavily involved in ©rganic solvent were removed under vacuum for at least 2
regulating the activity of classical PKCs. The primary amino - Dried phospholipids were resuspended in the correspond-
acid sequence of the C2 domains from different classical N9 buffers by vigorous vortexing and then subjected to direct

PKC isoenzymes is highly conservesb-37), and further- ~ Probe sonication (10 cycles of 15 s) to produce small
more, the 3D structures of the C2 domains from Ri&nd ~ unillamelar vesicles (SUVs). .
PKCBI are also very similar 8, 20—22); although no Construction of the Expression Plasmid3KCa and

structural information is available for PKC the high ~ PKCBIl cDNAs were kind gifts from Drs. Nishizuka and
sequence identity indicates that this C2 domain might have Ono (Kobe University, Kobe, Japan), while PIK@GDNA
a similar structure to that of the C2 domains from other was a kind gift from Dr. Tobias Meyer (Stanford University
classical PKCs. Medical School, Stanford, CA). The DNAs for the C2
Previous studies have already pointed to some differencesdomains of PK@, PKC3Il, and PKC/ were obtained as
among these three C2 domains in regards to their ligand-previously described3g, 48).
binding properties38), as well as their secondary structure Expression and Purification of the His-PK&?2 Domains.
and susceptibility to thermal denaturatid3f). The pET28cf) plasmid containing PKEC2 domains were
In the present paper, we have used calorimetric techniquesransformed into BL21 (DE3Escherichia colicells. The
to investigate the structural differences between the different bacterial cultures (O, = 0.6) were induced o5 h at 30
classical PKCs isoenzymes. Isothermal titration calorimetry °C with 0.5 mM IPTG. The cells were lysed by sonication
(ITC) and differential scanning calorimetry (DSC) are the in lysis buffer containing protease inhibitors (10 mM
only methods for the direct determination of the enthalpy benzamidine, 1 mM PMSF, and 1@/mL trypsin inhibitor).



Microcalorimetry of C2 Domains from PKC

The lysis buffers for PK@, PKCSIl, and PKGs C2 domains
contained 25 mM Hepes at pH 7.4 and 100 mM NacCl, 20
mM MOPS at pH 6.8 and 100 mM NacCl, and 25 mM Tris-
HCI at pH 8.0 and 100 mM NacCl, respectively. The soluble
fraction of the lysate was incubated with Ni-NTA agarose
for 2 h at 4°C. The Ni beads were washed with lysis buffer
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of lipids in the syringe was about 30 mM; therefore, the C2
domains were titrated up to a POPS/protein molar ratio of
about 12, taking into account the POPS in the outer bilayer
of the SUVs.

In both cases, the heat of dilution was measured by
injecting the ligand into the corresponding buffer without

containing 20 mM imidazole. The bound proteins were eluted the protein, and the value was then subtracted from the heat
with the appropriate lysis buffer containing 50, 250, and 500 of reaction to obtain the effective heat of binding. The

mM imidazole. The six-histidine tag was removed after
thrombin cleavage, and finally, the PK€2 domain was

resulting titration data were analyzed and fitted to different
models using the Origin for ITC software package supplied

washed with the corresponding buffer and concentrated usingby Microcal to obtain the number of bound ligand molecules

an Ultrafree-5 centrifugal filter unit (Millipore Inc, Bedford,
MA). Protein concentrations were determined by the BCA

(n), the dissociation constant&d), and the enthalpyAH)
and the entropyAS) changes of binding. The best-fitting of

assay 49), using bovine serum albumin as the standard, and the experimental data was obtained usingih@ sets of sites

also by UV spectroscopy using the theoretical extinction
coefficients of each protein in guanidium hydrochloride, with

modelfor the binding of C&" and theone-set of sites model
for the binding of vesicles to the proteins in the presence of

a very good agreement in the results of both methods. Thesaturating calcium.

purity of the samples was checked by a 15% SDS
polyacrylamide gel electrophoresBdj and Coomassie Blue
staining (Sigma, St. Louis, MO), revealing that it was higher

DSC. The theory of DSC and the thermodynamic inter-
pretation of experiment data have been reviewed previously
(52—54). Data collection and analysis were performed using

than 95%. The native folding of the recombinant C2 domains Microcal MC-2 scanning microcalorimeter (Microcal Inc.,

produced in our laboratory has been widely confirmed by
our previous X-ray crystallographic studies with the RIKE
C2 domain 20—22) and also using FTIR spectroscopy with
the three C2 domains39).

ITC. Binding of C&" and lipids to the different C2
domains of classical PKC was studied by ITC using a
Microcal MCS microcalorimeter (Microcal Inc., Northamp-

Northamptom, MA) and Microcal Origin 5.0 (Microcal
Software Inc., Northamptom, MA), respectively. The typical
scan rates were 60C/h. A buffer—buffer baseline was
subtracted from the sample scans, and then the concentration
normalization was done. The denaturation heat capacity
change AC,) was determined as the difference between the
heat capacity of the native and the denatured forms of each

ton, MA). The instrument and its use have been described protein sample extrapolated to thg (40). Finally, AH was

previously 61). Experiments were carried out at a constant
temperature of 28C using a water bath. The buffers were
25 mM Hepes at pH 7.4 and 100 mM NaCl for PKEC2
domain, 20 mM MOPS at pH 6.8 and 100 mM NacCl for
PKCBII—C2 domain, and 25 mM Tris-HCI at pH 8.0 and
100 mM NacCl for PKG—C2 domain. The reference cell
contained Milli Q water. The concentration of each C2
domain in the reaction cell was 0.25 mM (approximately 4
mg/mL) in the case of the PK&- and PKG/—C2 domains
and 0.2 mM (approximately 3.3 mg/mL) in the case of
PKCBIl—C2 domain A 6 mM C&* solution, prepared in

the corresponding buffers of each protein using a concen-
trated calcium-standard solution, was loaded into the 280-

uL syringe. This titration solution was injected with a stirring

determined after subtracting the baseline created connecting
the signal below and above the transition using the cubic
spline method.

The proteins were prepared in the corresponding buffers,
and the final concentration was 0.15 mM (approximately 2.4
mg/mL). The buffers were 25 mM Hepes at pH 7.4, 100
mM NacCl, and 0.2 mM EGTA for the PK&—-C2 domain,

20 mM MOPS at pH 6.8, 100 mM NaCl, and 0.2 mM EGTA
for the PK@II—C2 domain, and 25 mM Tris-HCI at pH
8.0, 100 mM NaCl, and 0.2 mM EGTA for the PKEC2
domain. The transitions of the C2 domains were also studied
in the presence of different €aconcentrations. The program
designed by Fabiato5b) was used to calculate the total
calcium concentration needed to give the desired available

speed of 250 rpm at discrete intervals of 240 s in different calcium concentrations, taking into account the composition

ways for each sample. €awas added in gL injections
36 times for the PK@—C2 domain; 1xL injection plus 20
uL 14 times for the PK@II —C2 domain; and 14 injection
plus 5uL 10 times and 2Q:L 11 times for the PKg—C2
domain. The C2 domains were titrated up to &'Qarotein
molar ratio of about 6, taking into account the volume of
the reaction cell (approximately 1.4 mL) and the protein
dilution effect produced by the injection of the titration
solution into the cell.

SUVs (POPC/POPS, molar ratio of 2:3) were used to
determine the binding of lipids to protein in the presence of
saturating C&. The reaction cell contained the protein and
a saturating concentration of €a(1 mM), as determined

by the previous experiments. The lipid suspensions contain-

ing the same concentration of €awere added in serial
injections of 1uL (the first) and 15uL (the rest). The
concentration of proteins in the cell was about 0.2 mM

of the buffer and the EGTA concentration.

To study the transition of the proteins in the presence of
lipids, SUVs were mixed with the protein solutions. The lipid
mixtures contained POPC/POPS (molar ratio of 2:3) and
were prepared in the corresponding buffers, as described
above, at a final concentration of 8 mM. Protelipid
samples were also studied in the presence of different free
C&* concentrations.

RESULTS

ITC StudiesThe thermodynamics of €abinding to the
C2 domains from the three classical PKC isoenzymes at 25
°C were characterized by ITC experiments. In the case of
the PKGx—C2 domain (Figure 1A), the binding data are
consistent with one high-affinity site (with ldq of 0.9 +
0.3uM) and two low-affinity sites (with &gy of 22.2+ 2.6

(approximately 3.3 mg/mL), while the total concentration «M) (Table 1). It appears that €abinding to the first high-
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Ficure 1: ITC data for calcium binding to the C2 domains of RiKCA), PKCpII (B), and PKCy (C) at 25°C. The upper panels show

the raw data for the titration of the protein with standard’Cahe bottom panels show the integrated data obtained from the previous raw
data, after subtracting the heat of dilution. The solid line in the bottom panels represents the best curve fit to the data,tusirsgpthe

of sites modefrom Microcal Origin. The thermodynamic parameters of this binding are shown in Table 1. The buffers and the different
injections made for each protein are explained in detail in the text (see the Experimental Procedures).

Table 1: Thermodynamic Parameters ofCBinding to PKGx—, PKGSIl—, and PG—C2 Domains at 23C?

number of bound Kqd AH® AS AG°

protein ligand moleculesn) (mM) (kcal/mol) (cal/molt K1) (kcal/mol)
PKCo—C2 n=02+0.1 0.9+ 0.3 —2.3+0.3 17.8+0.3 —7.6+0.2
n,=23+0.2 222+ 2.6 0.74+ 0.04 23.8+:0.2 —6.3+0.1

PKCpII—C2 n=0.6+0.1 1.3+0.2 —3.8+0.3 14.3+ 0.7 —8.0+0.1
n,=18+0.1 17.2+3.3 0.77+0.08 24.4+ 0.1 —6.5+0.1

PKCy—C2 nm=02+0.1 0.8+0.2 —3.6+0.9 15.8+ 2.0 —8.3+0.2
n=21+0.1 4.3+1.3 0.29+ 0.03 25.6+ 0.6 —7.3+0.2

aMean and standard deviation values from the fitted data of three independent experiments are shown.

bound per molecule of protein is 06 0.1 for the first set
of sites and 1.8t 0.1 for the second set (Table 1).

affinity site is exothermic witlAH = —2.3 + 0.3 kcal/mol,
while the second set of sites binds?Candothermically with
AH = +0.74 & 0.04 kcal/mol. The number of €aions The same pattern was observed with the PKC2
bound per molecule of protein appears to be8.2.1 for domain (Figure 1C). The Catitration curve was consistent
the first site and 2.3 0.2 for the second set of sites. These with a high-affinity site Kq of 0.8 £ 0.2 uM), which binds
data suggest that the low-affinity site binds two?Cans one C&" molecule i = 0.2 + 0.1) exothermically AH =
and the high-affinity site, which presumably binds oné'Ca  —3.6 &+ 0.9 kcal/mol), and two low-affinity siteskf of
was partially filled at the beginning of the experiment, as 4.3 & 1.3 uM), which bind two C&" ions ( = 2.1+ 0.1)
seen through ICP-EO spectroscopy and commented in theendothermically AH = +0.29+ 0.03 kcal/mol) (Table 1).
Materialssection of the Experimental Procedures. Although  In all cases, the G4 binding to the highest affinity set of
there is some evidence supporting the view that ®anding sites is aided by both entropic and enthalpic contributions,
is cooperative 38), the analysis of the binding curve whereas the Ca binding to the second and low-affinity set
assuming independent sets of binding site®(sets of sites  of sites is entropically driven (Table 1).
model) yielded a better fit of the experimental data, which  The experiments were performed at 25, which is the
could partially be due to the initial saturation of the highest usual temperature for ITC measurements and is low enough
affinity site for C&*. from the beginning of the thermal denaturation of the
Two different types of sites were also detected in the caseproteins. Furthermore, similar binding experiments were
of the PK@II —C2 domain (Figure 1B), a high-affinity one  performed at 37C, and the results were practically identical
(with aKg4 of 1.3+ 0.2uM) and two low-affinity sites (with (data not shown).
aKgyof 17.24+ 3.3uM). Again, the first high-affinity site is The binding of phospholipids to the three domains was
exothermic (withAH = —3.8 & 0.3 kcal/mol), while the  also studied in the presence of saturating'Ga mM, giving
second low-affinity site is endothermic (withH = +0.77 a C&*/protein molar ratio of 5:1). SUVs composed of POPC/
+ 0.08 kcal/mol). In this case, the number of?Caons POPS (molar ratio of 2:3) were used as the ligand. Because
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Ficure 2: ITC data for binding of POPC/POPS (molar ratio of 2:3) SUVs to the C2 domains ofRKQ@5°C, in the absence of Ca

(A) and in the presence of saturating?C4B). The upper panels show the raw data for the titration of 0.2 mM protein (approximately 3.3
mg/mL) with 30 mM lipid vesicles. The bottom panels show the integrated data obtained from the previous raw data, after subtracting the
dilution experiments. The solid line in the bottom panels represents the best curve fit to the experimental data, osegé¢hef sites
modelfrom Microcal Origin. Similar data were obtained for the PKRC- and PKG'—C2 domains (data not shown). The thermodynamic
parameters of this binding are shown in Table 2. The buffers and the different injections made for each protein are explained in detail in
the text (see the Experimental Procedures).

Table 2: Thermodynamic Parameters of POPC/POPS (molar ratio of 2:3) SUVs Binding -RK&CSIl —, and PKG—C2 Domains in
the Presence of Saturating Tat 25°C?2

number of bound Kqg AH® AS AG®
protein ligand moleculesr() (mM) (kcal/mol) (cal/molt K1) (kcal/mol)
PKCa—C2 45+0.1 18.0+ 1.2 —1.33+0.01 17.3+: 0.1 —6.5+0.1
PKCpIl-C2 5.6+ 0.1 9.7+ 15 —0.50+0.01 21.3£ 0.3 —6.8+0.1
PKCy—C2 49+0.1 18.4+ 2.3 —1.30+ 0.02 17.3+ 0.2 —-6.5+0.1

aMean and standard deviation values from the fitted data of three independent experiments are shown.

C2 domains bind to anionic phospholipid, the total lipid binding to the C2 domain is stabilized by both entropic and
concentration was normalized considering the proportion of enthalpic contributions, although the former is the main
POPS in the mixture and also the fact that only the outer driving force in all cases (Table 2).

surface of the lipid bilayer vesicle (about 60% of total lipid) The increase in lipid affinity of the three C2 domains in
was accessible to the protein. In the absence éf (&gure the presence of Casuggests that the weak interaction with

2A), only a weak interaction was observed; & 430+ 23 lipid vesicles detected in the absence of the ion (Figure 2A)
uM) and it was not possible to reach saturation. The results might reflect that an unspecific binding was taking place.
were clearly different in the presence of saturating'Gaut DSC StudiesTo gain further insight into the structural
similar for the three C2 domains (Figure 2B), all showing differences between the three C2 domains belonging to the
exothermic binding witlAH = —1.33 4+ 0.01 kcal/mol for classical PKC isoenzymes, as studied here, we have com-
PKCo—C2, AH = —0.50 + 0.01 kcal/mol for PK@II — pared their unfolding behavior upon thermal denaturation,
C2, andAH = —1.30+ 0.02 kcal/mol for PK@—C2 (Table at the same time characterizing the effect of incorporating
2). Lipids were bound with similar affinity, showingkg of different ligands, such as €aand anionic phospholipids
18.0+ 1.2uM for PKCa—C2, 9.7+ 1.5uM for PKCSII — (POPS).

C2, and 18.4t 2.3uM for PKCy—C2 (Table 2). Although The thermodynamic parameters obtained from the DSC

the number of phospholipid molecules bound to protein is transitions of the classical PKCs C2 domains in the absence
difficult to assess in this case because of the nature of theof ligands, i.e., in the presence of 0.2 mM EGTA, are
ligand (i.e., phospholipid vesicles), the results were very presented in Table 3.

similar in all cases: 4.5- 0.1 POPS molecules for the The unfolding of the PK@—C2 domain was greatly
PKCa—C2 domain, 5.6+ 0.1 for the PK@Il —C2 domain, affected by the concentration of €aFigure 3A). Whereas,
and 4.9+ 0.1 for the PKG—C2 domain (Table 2). POPS in the absence of G4, the onset of the transition takes place
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Table 3: Thermodynamic Data of the Thermal Denaturation of the Classical PKCs C2 Domains in the Absence of Ligands, i.e., in the
Presence of 0.2 mM EGTA, Obtained from the Fitted DSC Curves

Tm Tie AC, Com AH AHuy

p,max

protein (°C) (°C) (kcal/molrt K1) (kcal/molrt K1) (kcal/mol) (kcal/mol)
PKCa—C2 49.7+ 0.2 58+0.1 1.09+ 0.07 2.99+ 0.24 27.9+ 2.0 110.7+- 4.6
PKCB II-C2 46.7+ 0.2 51+0.1 0.49+ 0.04 3.85+ 0.29 33.1+ 2.6 119.7+4 6.2
PKCy—C2 47.8+ 0.2 5.0+ 0.1 0.59+ 0.04 3.56+ 0.28 342421 115.9+ 3.9

aMean and standard deviation values from the fitted data of three independent experiments are shown.

at 40.2°C (with aT,, at 49.8°C), the progressive addition vesicles without CH (49.8°C in the absence of both &a
of C&" gradually shifts the transition peak toward higher and lipids and 48.3C in the absence of Gabut in the
temperatures, so that, at a proteirfCanolar ratio of 1:1000, presence of lipid vesicles) might either reflect slight protein

the transition started at 74°Z and theT, was 80.3°C. destabilization or the fact that the denatured protein form
This means that the protein structure is strongly stabilized shows a higher affinity for the lipid.
by C&* binding. The addition of POPC/POPS (molar ratio of 2:3) SUVs

A study of the thermal stability of the PKZI —C2 domain to the PK@Il—C2 domain at the same protein/lipid molar
(Figure 3B) showed a qualitatively similar behavior. In the ratio also induced a broadening and a small shift toward
absence of Ca, theT,, was 46.7°C, which is slightly lower lower transition temperatures. The temperature onset was
than that of the PK@—C2 domain, although the onset of located at 36.8C, and theT,, was 43.5°C (temperature
the thermal transition was also around 4D. Again, the onset at 40°C and Ty, at 46.7°C, in the absence of both
addition of increasing Ca concentrations shifted the transi- ligands) (Figure 4B). A progressive reduction in the peak
tions toward higher temperatures, with the protein structure width was observed as the €aoncentration increased, and
being stabilized as before. At the highesfCeoncentration the shape of the transitions became similar to those found
studied (protein/C& molar ratio of 1:1000), the onset in the absence of lipids, again at a (proteinfQamolar
temperature of the transition was 74@ and theT,, was ratio of 1:10. Anyway, the initial broadening of the PRIC—
78.8°C. C2 domain transition was smaller than that observed for the

The PKQ/_CZ domain also showed a gradua| increase PKCo—C2 domain (the width at half-height increased from
in the transition temperature (Figure 3C) upon the addition 5.1 °C in the absence of phospholipids to 88 in the
of increasing C& concentrations. Thus, thE, values of  Presence of lipid vesicles).

this isoenzyme shifted from 47°€ in the absence of Ga Similar effects were observed upon addition of phospho-
(i.e., in the presence of 0.2 mM EGTA) to 85€ at a lipid vesicles to the PKE—C2 domain in the absence of
protein/C&" molar ratio of 1:1000. Cat at the same protein/lipid molar ratio (Figure 4C). Thus,

In all cases, the width of the transitions was greater at the T2 was 5.0°C in the absence of vesicles and 7@in
protein/C&" molar ratios lower than 1:50, which may reflect the presence of phospholipids. This increase in the transition
the existence of an heterogeneous protein population com-Width was not so big as that of the PIKEC2 domain,
posed of molecules with a different content of bound'Ca Probably because the PKEC2 domain had a higher
within the transition interval. Further increases in2Ca  Pinding affinity and in this case most protein was bound to
concentration gave rise to narrower transition peaks, probablythe vesicles. Besides, the shift of the peak to lower temper-
because of a protein state in which all of the binding sites atures was also smaller than in the other two domalhs (
were completely saturated with €aand, as expected fora &t 47.8°C in the absence of both ligands and at 487in
system in which denaturation proceeds with simultaneous the absence of Ca but in the presence of lipid vesicles).
dissociation of bound ligand, the shift in tHE, with Figure 5 shows the dependence of the transition temper-
increasing [C&] is a nonsaturable effect. ature on the CA concentration both in the absence and in

The addition of POPC/POPS (molar ratio of 2:3) SUVs the presence of lipid vesicles. The increase in Thevas
to give a protein/phospholipid molar ratio of 1:50 greatly Slightly different for each C2 domain, and at a giver*Ca

modified the profiles of the thermal transitions, so that in Concentration, the increase of thg in the presence of lipid

the absence of Ga the transition peak of the PKG-C2 vesicles (Fl_gure 5B) was hlgher than in its absence (Figure
domain was considerably widened and also slightly shifted ©A), réflecting the cooperative effect of both ligands on the
toward lower temperatures in the presence of the lipid stab!l|zat|on of the protein structure, in agreement with
vesicles (Figure 4A). The width at half-height of this Previous results39, 48). _ _

transition increased from 5.8 to 20°E upon the addition The denaturation of the PKEC2 domains studied here

of lipid vesicles. The broadening of the peak suggested the Was |rrever5|ble_ both in the_ absenc_e and in the presence of
coexistence of protein populations with a differing content ligands. To gain further information about the system
of bound lipids within the transition interval. It is quite ~Pehavior, the same protein samples were scanned at different
interesting that the addition of increasing concentrations of "ates, i.e., 15, 30, and 6@/h, both in the absence (Figure
Ca&* progressively sharpened the thermal transitions, which 8A) and in the presence (Figure 6B) ofaThe simplest
became similar in shape to those found in the absence ofmodel that can reflect such behavior would be

lipids at a protein/C& molar ratio of 1:10. This probably

reflects the enhancement of lipid binding mediated b§Ca N+ mL < NL,~ U+ mL (1)
observed by the direct titration using ITC (Figure 2). The v

small fall in theT, of the transition in the presence of lipid F
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Ficure 3: DSC scans of the C2 domains of PKTA), PKCAII in a C&*/protein molar ratio. The DSC scans were analyzed using

(B), and PKG (C) in the presence of different &aconcentrations. the Microcal Origin software (see the Experimental Procedures).
The protein concentration was 0.15 mM (approximately 2.4 mg/ ] ] ) ] ) )

mL) and the scanning rate was B0/h. The C&" concentrationis ~ wWhereN is the native protein formi. is the ligand,NLy, is
shown as the total Ga concentration available for the protein, the ligand bound protein form) is the unfolded protein,

EGTA content. These values are expressed i a malar concennatiort 10 - 19 the irreversibly denatured final state. In systems
and in a C&*/brotein molar ratio Tﬁe DSC scans were analyzed where denaturation occurs as a kinetically controlled process,

using the Microcal Origin software (see the Experimental Proce- the transitions depend on the scanning rat £7), but in
dures). our case, the DSC scans at different rates of heating were

L L L L)
10 20 30 40 50 60 70 80 90 100



11734 Biochemistry, Vol. 43, No. 37, 2004 Torrecillas et al.

A 50 A 6
40 4 59
< 44
30 4 =
- ] o
) £
e 3 7
20' -
5 S
= 29
o
10 4 <
1-
0- -
0=
~ _ e g ey
0 0.01 1 10 100 0 20 40 60 80 100
[Ca?],.,, (mM)

Temperature (°C)

50
B . B 5
40 4-
_ 304 X 34
g =
~ 20+ © 2
= £ \
10 - o 14
q L
0 - 0=
0 0.1 0.01 1 10 100 - e ——
. 0 20 40 60 80 100
[Ca*];,.. (MM)

0,
Ficure 5: Effect of C&* concentration on th&,, of the PKGx— Temperature (°C)

C2 domain gblack circles), PKﬁlll —C2 dohmainb(white circles),.andh FIGURE 6: Effect of the scanning rate on the excess heat capacity
PKCy—C2 om?ln (gra)// circles), '”l the a sepcg (A) orin tr? of the PKGx—C2 domain in the absence of ligands (A) and in the
presence (B) of POPC/POPS (molar ratio of 2:3) SUVS. The ,esence of 5:1 (Galprotein) molar ratio (B). The protein
increase offy (ATm) was calculated as the difference between the cqncentration (0.15 mM, approximately 2.4 mg/mL) and buffer
Tm at each C& concentration and th&y in the absence of this  composition were the same in all cases. The scan rates were 60

ligand. C&" concentration was expressed as thé*dfeee con- °C/h (=), 30 °C/h (- - -), and 15°C/h (-++). Similar results were
centration at théfm (see ref59). obtained with the C2 domains of PG and PKCy (data not
shown).

very similar (Figure 6). The easiest explanation for this
behavior is assuming that the irreversible step proceeds aihe results are shown in Figure 7. The slope of the linear
significant rates only at temperatures aboveThend that  pjots provides an estimation of the number of binding sites
the calorimetric traces would differ little from those corre- jnvolved in the structural stabilization of the PKT2
sponding to the reversible unfolding mod&6( 57). Ac- domains, using thé\H, values reported in Table 3. In the
cordingly, denaturation of the PK&C2 domains can be  apsence of lipid vesicles,was close to 2 (e., 1.72+ 0.02
analyzed in terms of equilibrium thermodynamics without for the PKGx—C2 domain, 1.99+ 0.05 for the PK@II —
large errors 6, 57. _ C2 domain, and 2.13 0.03 for the PKG—C2 domain),

For a system in equilibrium, in which the protein under- ajthough the number of G&binding sites might be 3, as
goes denaturation with simultaneous dissociation of bound getected by ITC.
ligands, under saturating conditions, the dependence of the For a system with two sets of independent sites and
Tm on the ligand concentration can be approximated by the considering, as in eq 2, that the denaturation enthalpy change
following van't Hoff integrated equation, as previously s constant in the transition interval, the above van't Hoff
described 8): integrated equation depicting the dependence ofTthen

the ligand concentration can be expressede@s (

AHyy 1
In[L] = — R T. + constant 2) 0
n m 1 n, 2 N AHvH 1 1
[+ KHL)"(+ K" = - =2 (F - 5] @)
where AH,4 is the van't Hoff enthalpyL the free ligand m m

concentrationn the number of bound ligands, afig is the ,

transition maximum temperature at this ligand concentration. whereK| andn; are respectively the binding constant and
The free cation concentration at tfig can be estimated as  the number of sites for séland AH,, and T, are the van't
[Ca&]free = [C']iotar — [protein-binding sites]/259), and Hoff enthalpy and the transition temperature in the absence
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Ficure 7: Integrated van't Hoff plots of the effect of increasing
C&* concentration on the thermal denaturation of the RKC2
domain (A), PK@II —C2 domain (B), and PKZ-C2 domain (C),

in the absence®) or in the presenceX) of POPC/POPS (molar
ratio of 2:3) SUVs. The straight lines show the best linear fit to
the data.
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of ligands. At saturating Ca concentrations (3 K‘L[L] >
1), this expression can easily be transformed into

AT,

m

T

RT RT
= —- In(nK{ + nKE) — (ny +1n,) —- In[L]
vH VvH
4)

where AT, = Ty — T?n Using this equation and plotting
(AT/TY) vs In([C&*]), we obtain an estimation of the
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Ficure 8: (A) Effect of increasing Cd concentration on the
change of the normalized midpoint transition temperature of the
PKCo—C2 domain (black circles), PKgI—C2 domain (white
circles), and PK@—C2 domain (gray circles). The straight lines
show the best linear fit to the data. (B) Effect of increasing™Ca
concentration only, of the PKGx—C2 domain (black circles),
PKCBIl —C2 domain (white circles), and PKE-C2 domain (gray
circles). The dotted lines show the best nonlinear fit to the data,
using the values of the binding constants for each C2 domain
obtained from the thermodynamic treatment of the DSC data (see
the text). The nonlinear fit was made with the Microcal Origin
software.

number of sitesr(; + ny) and the apparent binding constants
of the ligands involved in the process. As expected from
Figure 7, in the absence of lipid vesicles (Figure 8A), the
values ofn derived from the slopes of the plots were again
near 2 (1.774 0.02 in the case of the PKC-C2 domain,
1.96 + 0.04 in the case of the PKI —C2 domain, and
2.15+ 0.03 in the case of the PKC-C2 domain). The-axis
intercepts yielded average binding constants which, when
expressed as dissociation constants, were very similar to the
Kq of the second set of sites extrapolated to temperatures
around theT,, using the dissociation constant and the
enthalpy changes measured by ITC af@5Table 1). These
results suggest that the stabilization observed by DSC mainly
reflects the saturation of the low-affinity €abinding sites.
Figure 8B shows a nonlinear fit of tig, versus [C& e,
in terms of eq 4, assuming = 2, and using the ligand
concentration, lf], and theK, values at theT,, (calculated
by the van't Hoff equation, with the data reported for the
low-affinity set of sites in Table 1) as independent variables
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and T and AHS, as the fitting parameters. The analysis in both the number of sites for €aand the nature of the
was performed using the Microcal Origin software, and the binding driving forces. For example, the C2 domains from
best fitting values derived fofo, and AHS,, were in very  the phospholipases A2&6), Co1 (45), and D (46) showed
good agreement with the data directly calculated from the just one set of sites that bind €an an exothermic way. In
DSC traces (50.2 0.5 °C and 140+ 5 kcal/mol for the contrast, when the C2 domain of fragmin 60 was analyzed,
PKCo—C2 domain, 47.5+ 0.8 °C and 151+ 8 kcal/mol Ca&" was bound exothermically to two sets of binding sites
for the PK@II —C2 domain, and 48.% 0.6°C and 131+ (71). Moreover, the C2 domain of the phospholipasé D
6 kcal/mol for the PK@—C2 domain). These results strongly Showed two sets of Ca-binding sites 46); the first bound
suggest that the observed stabilization of the three PKC just one C& ion endothermically, while the second set of
C2 domains can be mainly accounted for by*Chinding sites bound two C& ions exothermically.
to the low-affinity set of sites. In our case, the global Castoichiometry (i.e., three Ca

As commented above, the addition of lipid vesicles ions) agrees with the recent high-resolution structural results

widened the peak transitions, suggesting the coexistence ofPtained using X-ray diffraction with the PKC-C2 (21)
protein populations with different contents of bound lipids and PK@I—C2 (18) domains. _

within the transition interval. Besides, the addition of _ It iS worth noting that a previous study based on
increasing concentrations of Eaprogressively sharpened ~ fluorescence spectroscopygj concluded that C2 domains
the thermal transitions, reflecting the enhancement of lipid oM PKGB and PKG isoenzymes bind three €aions,
binding. The complexity of the system in these conditions While the PK@—C2 domain only binds two, and that only
makes it difficult to perform such a reliable thermodynamic the PKG@—C2 domain shows cooperativity. Our present
analysis as above. Nevertheless, the observed shift of the/VOrk cannot provide information about the cooperativity of
ATn versus [C&T concentrations toward lower ligand t_he_: process because of the mathe_matlcal model used for the
concentrations upon the addition of phospholipid vesicles fitting of the data {wo set of sitesmodel). The C&
(Figure 5) suggests an increase in the affinity ofGaward ~ Stoichiometry for the C2 domains of PigCand PKG

its second set of sites. obtained with this ITC study is in perfect agreement with
the previous fluorescence worR8) but differs in the case
DISCUSSION of the PKGx—C2 domain. This different stoichiometry for

the PKGr—C2 domain would probably be due to the

Although the sequence and the general structure of thedifferent experimental conditions employed. Nevertheless,
C2 domains of the classical PKCs are very similaf< it is possible that the third Ca ion in the PK@—C2
37), the C&" and phospholipid affinities and also the domain, detected here by ITC and in a previous X-ray
behavior during the thermal denaturation in the presence of diffraction study 21), either binds weakly to the domain or
both ligands are different. In principle, these subtle differ- even dissociates too rapidly to be detected using the stopped-
ences among the classical C2 domains may be significantflow analysis described in the fluorescence spectroscopic
in physiological conditions when explaining their selective study @8). It is difficult to assess which of the experimental
regulation and their distinct functional specializations. The conditions are more physiologically relevant because lipid
different classical PKC isoenzymes are distributed in tissuesand protein microdomains are known to be involved in these
and cells in a type-specific manner, with different levels of signaling pathways. The calculation of their real effective
expression (for reviews, see ré8and33). Hence, whereas  concentrations in the cell is an arduous task.
PKCa and PK@ are widely expressed in various tissues  The presence of Gasubstantially enhances the interaction
and cells, PK@ is found only in the central nervous system petween these C2 domains and phospholipid membranes, a
(1, 2). These isoenzymes also have highly specialized fact that reflects the important role played by*Cas a bridge
functions, as seen in relation to cancer, for example. between the protein and the anionic phospholipids in the
Abnormal levels of these isoenzymes have been found inmembrane Z0, 21). In the presence of a saturating2Ca
many transformed cell lines and in several human tumors concentration, the affinity of the three C2 domains for anionic
(61). In this sense, high levels of PkClead to a more  phospholipids was similar, although it was slightly higher
aggressive tumor phenotypé2, and it has been reported in the case of the PK@II —C2 domain. This higher affinity
that this isoenzyme is involved in the suppression of is due to the entropic change and probably reflects either a
apoptosis §3). PKG3I overexpression leads to tumor forma-  bigger desolvation in the phospholipid-binding surface or a
tion in R6 rat fibroblastsg4), while PKG3Il can be used as  |ower immobilization of the region involved in the interaction
a marker of colon cancer6) and is involved in some  with the anionic phospholipid. It is obvious that the condi-
diabetic problems86, 67). Finally, PKCy is involved in the tions with the greatest physiological implications are those
development of injury-induced persistent paf8,(69) and  involving phospholipid vesicles and subsaturating concentra-
tumor formation in epithelial cells in vivo7(Q). tions of C&". Unfortunately, no clear conclusions could be

Although the global CH binding to the C2 domains of obtained in these conditions, because the binding of both
classical PKC isoenzymes is similar as seen through ITC, C&" and anionic phospholipids are enhanced simultaneously
some differences can be observed among these proteinsand the data could not be quantitatively analyzed.
especially in the binding of Ca to the low-affinity set of It is difficult to assess the exact meaning of the number
sites, with the PK@—C2 domain showing the highest of phospholipids bound per protein molecule because phos-
affinity. These binding results also differ from data obtained pholipid vesicles (and not individual molecules in solution)
using C2 domains from other proteins previously reported. were used. It is clear that the data given in Table 2 are an
In this sense, several C2 domains from different proteins overestimation with respect to the number of phospholipid
have been studied using ITC and they all showed variations molecules that are really bound. Nevertheless, it is interesting
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that the calculated ratios seem to be compatible with thosegradual than in the case of the PKIT— or PKCy—C2
previously deduced from X-ray crystallographic studi&s ( domains, where the increase of the was more abrupt. In
where the PK@—C2 domain was concluded to be able to this sense, the binding of approximately the same number
interact at the Cd-binding site with one anionic phospho- of C&" ions, as seen through ITC, has a different physi-
lipid plus a phosphate group, which might indicate that a ological significance for each C2 domain. In other words,
second phospholipid enters here in vivo, while another at the same CGa concentration, i.e., approximately the same
phospholipid enters in the lysine-rich cluster. Ca&*-saturating state, the protective effect is different for each

In our case, the use of DSC revealed that the interaction C2 domain. As shown above, the stabilization detected by
between these three C2 domains and ligands was ratheiDSC with increasing Ga concentrations seems to be mainly
complex. The binding of G4 to the C2 domains of classical mediated by saturation of the low-affinity binding sites. The
PKCs protects them from thermal denaturation, as shown high-affinity set of sites does not have a strong effect on the
by the shift of theT,, toward higher temperatures. Besides, increase in th@,, perhaps because of the very slow release
this nonsaturable increase in fhe with the C&" concentra- of Ca* from this kind of site during denaturation.
tion seems to be primarily mediated by the interaction of  Current denaturation results agree very well with a
Ca* with its low-affinity sites. The enthalpic stabilization previous study based on infrared spectrosc@8$), (where
of the domain structure promoted by increasing concentra- it was concluded that denaturation temperatures for the three
tions of C&" can be accounted for by the heat capacity C2 domains were very similar to those reported here, both
increase of the proteins upon thermal denaturat&). ( in the absence and in the presence of ligands. Furthermore,

Although ITC and DSC are methods for the determination the PK@311—C2 was sightly less stable in the absence of
of the different thermodynamic parameters of an interaction Ca&*, whereas the PK&€—C2 domain was the most stable
process, the information revealed by each one is not exactlyone, both in the presence of €aand in the presence of
the same. It is possible that a certain ligand concentrationboth C&" and phospholipids.
might not show a clear change in protein stability (as seen Interestingly, the three C2 domains studied here undergo
through DSC), although the ligand is bound (as detected by a strong structural stabilization against thermal denaturation
ITC). In some cases, the ligand binding does not produce when interacting with C4. Ligand-induced conformational
stabilization of the structure, and even it can destabilize the changes have not been checked through X-ray diffraction
protein (72). because protein crystallyzation devoid o?Chas failed so

At the same protein/Ca molar ratios, the protein dena- far. However, recent results obtained using FTIB9)(
turation significantly increases the concentration of free indicated that Cd induces only subtle changes in the
ligand as the transition takes place. In this case, asymmetricsecondary structure of these three C2 domains, althougfh Ca
DSC transition traces can be obtain&@)( as observed in  binding significantly increased the differences in thermal
our case (Fugures 3 and 4). These asymmetric DSC tracestability among them. The different sensitivities to thermal
are due either to the denaturation of the protein forms with denaturation observed here by DSC and previously by FTIR
less ligand bound or to the progressive stabilization of the (39) likely arise from different backbone motions and would,
protein native state during the transition, caused by the hence, probably be related with changes in dynamics rather
decrease of the apparent denaturation constant at a detethan with significant structural changes. This type of
mined temperature when the concentration of free ligand information cannot be provided by high-resolution structural
increasesqo, 73). studies.

The addition of anionic phospholipids in the absence of Another difference detected between these C2 domains
Ca* gave place to broad transitions, which gradually became was the value oAC,, which was higher for the PK&-C2
narrower as the C& concentration increased. These wide domain than for the PK@I— and PKG—C2 domains
transitions could be related with the interaction of the (Table 3). The increase iAC, during unfolding is due to
phospholipid with the lysine-rich cluster of the C2 domains, the change in the degree of exposure to the solvent of the
where C&" is not involved 21), and might reflect the  different amino acidic residuegtq, 50, 76—79), and it is
presence of a heterogeneous protein population with differentclear that the PK&@&—C2 domain suffers a bigger change in
phospholipid-bound states. There was also a slight shift in this sense than the other C2 domains.
the T, toward lower temperatures, which might reflect = The differences among the thermal stability of these C2
protein destabilization in the absence of?’Car a higher domains and the enhancement promoted b @énding
affinity of the denatured protein for the lipid74, 75). may reflect differences in the distribution of stability through
Although the favorable proteirligand interactions typically ~ the domain structure of the three isoenzymes, which, in turn,
stabilize the protein structure, some studies have revealedcould be related to their distint functional roles. This may
certain kinds of destabilization mediated by ligand binding be an important factor when explaining their different
(72). It is possible that the lipid interactions with the lysine- capacities to act in very different environments, although it
rich cluster reduce the transition cooperativity, probably cannot be appreciated by high-resolution studies of the
through theg-sandwich core of the C2-domain structure, or domain structure. In this sense, further studies are necessary
that the lipid establishes some detergent-type interactionsto explain the relation between the behavior of the regulatory
with the protein in these conditions. domains and the function of the full-length proteins.

The protective effect of the ligand binding (€alone or The observations made in this paper are compatible with
both C&" and anionic phospholipids) against thermal previous modelsg0, 81) suggesting that the binding of &a
denaturation was slightly different for the three C2 domains, to the C2 domain of inactive PK&Cfacilitates the binding
particularly in the presence of phospholipids. In the case of of the protein to the membrane. It seems that the first Ca
the PK@—C2 domain, this protective effect was more is bound to the C2 domain with very high affinity, as seen
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by ITC, and that the binding of two additional €&ons of
lower affinity triggered an important structural stabilization,

as detected by DSC. In addition, both ITC and DSC detected

an enhancement of lipid binding mediated by*Gavhich
reflects the triggering of membrane binding mediated by the
C2 domains.
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