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Abstract. The amide I regions in the original infrared spectra of PKCα-C2 in the Ca2+-free and Ca2+-bound states are both
consistent with a predominantlyβ-sheet secondary structure. Spectroscopic studies of the thermal denaturation revealed that
for the PKCα-C2 domain alone the secondary structure abruptly changed at 50◦C. While in the presence of Ca2+, the thermal
stability of the protein increased considerably. Phosphatidic acid binding to the PKCα-C2 domain was characterized, and the
lipid–protein binding becoming Ca2+-independent when 100 mol% phosphatidic acid vesicles was used. The effect of lipid
binding on secondary structure and thermal stability was also studied. In addition, the secondary structure of the C2 domain
from the novel PKCε was also determined by IR spectroscopy andβ-sheet was seen to be the major structural component.
Spectroscopic studies of the thermal denaturation in D2O showed a broadening in the amide I′ band starting at 45◦C. Phospha-
tidic acid containing vesicles were used to characterize the effect of lipid binding on the secondary structure. It was observed
through thermal stability experiments that the secondary structure did not change upon lipid binding and the protein stability
was very high with no significant changes occurring in the secondary structure after heating.

1. Introduction

Protein kinase C (PKC) is a phospholipid-dependent serine/threonine kinase family consisting of at
least eleven closely related isoenzymes. The different PKC isoenzymes play important roles in signal
transduction pathways, although the exact significance of each isoenzyme is not known at present. Any
elucidation of the regulation mechanism of the various PKC isoenzymes is therefore important [25].

Closer examination of protein-sequence alignments between PKC isoenzymes reveals blocks of ho-
mology between family members and, in every case, these conserved regions have been shown to define
protein motifs which confer a specific localization and/or activation input on the isoenzyme [16]. The
module composition allows a more precise categorization of the different PKC subfamilies. There are
three main classes of PKC molecules: the classical (α, βI, βII, γ) that contain the conserved C1 and C2
motifs in the regulatory domain and which are activated by both Ca2+-dependent phospholipid binding
and diacylglycerol; the novel (δ, ε, η, θ, µ), which also contain C1 and C2 motifs, although located in
reverse order from those of the classical isoenzymes, and, which are activated by phospholipid and dia-
cylglycerol binding in a Ca2+ independent manner; and finally, the atypical isoenzymes (ζ, ι/λ), whose
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regulatory domain does not contain any conserved modules and which are not activated by either Ca2+

or diacylglycerol [66].
In general, most of the proteins containing C2-domains function in signal transduction or membrane

traffic [26]. Pioneer studies with the C2A-domain of synaptotagmin I revealed that the C2 domain acts as
a Ca2+ binding motif [6,48,63]. This function has also been demonstrated in several other C2-domain-
containing proteins such as classical PKCs [5,40,41,49], cPLA2 [12,43] and Nedd4 [45] all of which
bind to phospholipids in a Ca2+-dependent manner. Furthermore, it has recently been found that Ca2+

forms a bridge between the C2 membrane-binding domain of PKCα and PS [42]. Moreover, there are
many C2-domains that are involved in lipid binding and do not bind Ca2+, as it is the case of the C2
domains from the novel PKCs, the functions of which are still not well characterized [4,11].

X-ray diffraction analysis of several C2 domains has revealed that the structure consists of a compact
β-sandwich composed of two four-strandedβ-sheets [1,11,17,36,42,44,47,48]. Basically, three loops at
the top of the domain and four at the bottom connect the eightβ-strands and, interestingly, two distinct
but easily interconverted topological folds have been found: topology I becomes topology II when its
N- and C-termini are fused and new termini are generated by cutting the loop between strandsβ1 and
β2 [11,26]. The C2 domains of classical PKCs are classified as having a type I topology, while those of
novel PKCs exhibit a type II topology [11]. The existence of two topologies is a still unsolved question
and, in spite of some studies, it is not clear why C2 domains occur in two modes. As mentioned above,
novel PKCs present a unique type of C2 domain and, differently to classical PKCs or phospholipases,
they are able to bind to acidic phospholipids in a Ca2+-independent manner. So far, very little is known
about the lipid binding mechanism of these isoforms.

In the present work, we have used FT-IR to study in solution the secondary structure of the C2 domain
of PKCα during Ca2+ and lipid binding independently, and that of the C2 domain of PKCε in the present
and in the absence of phosholipid and we have carried out thermal denaturation studies. Infrared spectra
are known to report directly on the secondary structure of the protein backbone [18,32,51]. The technique
is of particular value in structural studies of membrane or lipid-associated proteins [8,50,59,65]. Our
results show that the secondary structure of the C2 domain of PKCα does not change with Ca2+ binding.
On the contrary, binding to lipids produces significant conformational changes in the secondary structure
of the C2 domain. The thermal denaturation studies revealed that both Ca2+ and lipid binding increase
the stability of the complexes but by means of different mechanisms. In addition we have observed that
the structural components of the C2-domain from PKCε show several differences from the C2 domain
of PKCα and these differences might be attributed to different structural motifs.

2. Materials and methods

2.1. Construction of expression plasmids

The DNA fragment corresponding to the C2 domains of PKCα (residues 158–285) and PKCε (residues
6 to 134) were amplified using PCR. The PKCs cDNA were a kind gift from Drs. Nishizuka and Ono
(Kobe University, Kobe, Japan). The resulting PCR fragment were subcloned using sites of the bacte-
rial expression vectors, pET28, in which the inserts were fused to 6His tag, respectively as described
previously [23,24]. All constructs were confirmed by DNA sequencing.

2.2. Expression and purification of the His-PKC-C2 and GST-PKC-C2 domains

The pET28(+) plasmid containing the wild-type or mutant PKCα-C2 domains and the pET28a(+)
plasmid containing the PKCε-C2 domain were transformed into BL21(DE3)Escherichia colicells.
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The bacterial cultures (OD600 0.6) were induced for 5 h at 30◦C with 0.5 mM of isopropyl-1-thio-β-
D-galactopyranoside (IPTG) (Boehringer Mannheim, Germany). The cells were lysed by sonication in
lysis buffer (25 mM HEPES, pH 7.4, and 100 mM NaCl) containing protease inhibitors (10 mM benza-
midine, 1 mM PMSF and 10µg/ml of trypsin inhibitor). The soluble fraction of the lysate was incubated
with Ni-NTA Agarose (QIAGEN, Hilden, Germany) for 2 h at 4◦C. The Ni beads were washed with lysis
buffer containing 20 mM imidazole. The bound fractions were eluted with the same buffer containing
50, 250 and 500 mM imidazole. 6His tag was removed after thrombin cleavage and, finally, the PKC-
C2 domains were desalted and concentrated using an Ultrafree-5 centrifugal filter unit (Millipore Inc.,
Bedford, MA).

2.3. Preparation of lipid vesicles

Lipid vesicles were generated by mixing chloroform solutions of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (phosphatidylcholine) (Avanti Polar Lipids, Inc., Alabaster, AL) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphate (POPA) (Avanti Polar Lipids, Inc., Alabaster, AL) at the desired propor-
tions and dried from the organic solvent under a stream of nitrogen and then further dried under vacuum
for 60 min.

2.4. IR spectroscopy

Lyophilized PKC-C2 domains were dissolved in H2O or D2O at approximately 20 and 8 mg/ml, re-
spectively. The proteins were incubated overnight at 4◦C to maximize H–D exchange when D2O was
used. To study infrared amide bands of the proteins in the presence of lipids, small unilamellar vesicles
in D2O or H2O buffer containing 25 mM HEPES, 20 mM NaCl and 0.2 mM EGTA, pH 7.4, were mixed
in the desired proportions with the protein solution.

Infrared spectra were recorded using either a Bruker Vector 22 Fourier transform infrared spectrometer
equipped with a MCT detector or a Philips PU9800 Fourier transform infrared spectrometer equipped
with a deuterated triglycine sulfate detector. Samples were examined in a thermostated Specac 20710
cell (Specac, Kent, UK) equipped with CaF2 windows and 6µm spacers for samples in H2O medium or
50-µm spacers for samples in D2O medium. The spectra were recorded after equilibrating the samples
at 25◦C for 20 min in the infrared cell. A total of 128 scans were accomplished for each spectrum with
a nominal resolution of 2 cm−1 and then Fourier transformed using a triangular apodization function.
A sample shuttle accessory was used to obtain the average background and sample spectra. The sample
chamber of the spectrometer was continuously purged with dry air to prevent atmospheric water vapor
obscuring the bands of interest. Samples were scanned between 25 and 75◦C at 5◦C intervals with a
5-min delay between each scan using a circulation water bath interfaced to the spectrometer computer.
Spectral subtraction was performed interactively using the Spectra-Calc program (Galactic Industries
Corp., Salem, NH). The spectra were subjected to deconvolution and second-derivation using the same
software. Fourier self-deconvolution was carried out using a bessel apodization function, a Lorentzian
shape with a resolution enhancement parameter,K, of 2.6 and a full width at half-height of 20 cm−1.
Both deconvolution and derivation gave the number and position, as well as an estimation of the band-
width and intensity of the bands making up the amide I region. Thereafter, curve-fitting was performed
and the heights, widths and positions of each band were optimized successively [29,31]. The fractional
areas of the bands in the amide I region were calculated from the final fitted band areas.



402 S. Corbalán-García et al. / Structural characterization of the C2 domains of classical isozymes

3. Results and discussion

3.1. Structure of the C2 domain of PKCα

The amide I band decomposition of the native PKCα-C2 domain in D2O and 0.2 mM EGTA at 25◦C
is shown in Fig. 1. The number and initial position of the component bands were obtained from band-
narrowed spectra by Fourier deconvolution and derivation. The corresponding parameters, e.g. band po-
sition, percentage area, bandwidth of each spectral component and assignment, are shown in Table 1 for

Fig. 1. FT-IR spectrum of PKCα-C2 domain in the amide I region at 25◦C in D2O buffer (solid line) with the fitted component
bands. The position of the individual band was obtained from the resolution-enhanced spectrum. The parameters corresponding
to the component bands are reflected in Table 1. Dashed line, curve fitted spectrum. Protein concentration was approximately
16 mg/ml. Increment of absorbance units (∆) were 0.05. Reproduced with permission fromBiochemistry38 (1999), 9667–9675.
Copyright 1999 Am. Chem. Soc.

Table 1

FT-IR parameters of the amide I band components of PKC-C2 domain in D2O buffer containing 25 mM HEPES and 0.2 mM
EGTA, 2 mM and 12.5 mM Ca2+, pD 7.4. Reproduced with permission fromBiochemistry38 (1999), 9667–9675. Copyright
1999 Am. Chem. Soc.

Positiona Assignment 25◦C 75◦C

(cm−1) 0.2 mM EGTA 2 mM Ca2+ 12.5 mM Ca2+ 0.2 mM EGTA

Areab Widthc Area Width Area Width Position Area Width
(%) (cm−1) (%) (cm−1) (%) (cm−1) (cm−1) (%) (cm−1)

1688 β-turns 1 12 2 12 3 13 1680 11 19
1675 Antiparallelβ-sheet 9 22 8 21 7 17 1670 13 13
1663 β-turns 14 19 14 19 16 18 1663 14 20
1652 α-helix/turns with dihedral 12 19 12 19 14 17 1647 34 28

angles similar toα-helix
1644 Random/ open loops 12 24 13 24 9 19 1631 16 22
1635 β-sheet 51 32 50 32 51 31 1615 23 19

aPeak position of the amide I band components.
bPercentage area of the band components of amide I. The areas corresponding to side-chain contributions located at 1615–
1600 cm−1 have not been considered.
cHalf bandwidth of the amide I components. The values are rounded off to the nearest integer.
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both H2O and D2O. The spectra in H2O showed six components in the amide I region. The main com-
ponent accounting for 50% of the total band area was localized at 1639 cm−1 and it can be assigned to
β-structure [28]. The component localized at 1657 cm−1 which contributes a 22% of the total area may
be assigned to eitherα-helix or disordered structure [28]. The components appearing at 1678 cm−1 (8%)
and 1668 cm−1 (11%) arise fromβ-turns [20,21] and the component centered at 1688 cm−1 (11%) was
assigned to antiparallelβ-sheet [28]. On the other hand, the component at 1616 was supposed to be orig-
inated from the absorption of lateral chains and hence it was not taken into account for the quantification
of the different types of secondary structure. In summary the secondary structure of the C2 domain of
PKCα in H2O was 59%β-pleated sheet, after adding the areas of components at 1639 and 1688 cm−1,
22% assigned toα-helix, open loops and disordered structures and 19%β-turns (Table 1).

The spectra in D2O exhibit seven component bands in the 1700–1600 cm−1 region and the quantita-
tive contribution of each band to the total amide I contour, obtained by band curve-fitting of the origi-
nal spectra are shown in Table 1. The major component in the amide I′ region appears at 1635 cm−1,
and so clearly arises from intramolecular C=O vibrations ofβ-sheets [14,19,29,31,37,51] and corre-
sponds to the band appearing at 1639 cm−1 in H2O buffer. The high frequency component at 1675 cm−1

can be assigned to the antiparallelβ-sheet structure [3,31]. Althoughα-helix usually absorbs at around
1652 cm−1, bands originating from turns, with dihedral angles comparable to those ofα-helix, have also
been described at this frequency [21,31,51]. The band near 1644 cm−1 can be attributed to non-structured
conformations, including open loops [14,18]. The bands located at 1663 cm−1 and 1688 cm−1 arise from
β-turns [3,32]. Additionally, there is a band at about 1612 cm−1, which has been assigned to side chain
absorption [18,21,22], and so, its contribution is not included in the calculation of the secondary structure
of PKC-C2. The secondary structure of PKCα-C2 domain (Table 1) is 60%β-sheet (taking into account
the 1635 and 1675 cm−1 bands), 12%α-helix/dihedral turns (similar toα-helix), 15%β-turns and 12%
open loops and non-structured conformation.

It is interesting to compare here the results obtained through spectra taken in the presence of H2O
and D2O. One of the advantages of obtaining spectra in D2O is that it is allowed to discern between the
components corresponding toα-helix and disordered structure which however appeared unresolved in
H2O buffer. The data shown present a good correlation between the spectra taken in both type of solvents.
They present 60% (D2O) and 59% (H2O) for β-sheet, 24% for the addition ofα-helix and disordered
structure in D2O (adding components at 1652 and 1644 cm−1) versus 22% in H2O and finally 15% and
18% forβ-turns in D2O and H2O, respectively.

Another interesting comparison to be made is between the secondary structure composition deduced
from infrared spectroscopy (this paper) and from X-ray diffraction (XRD) [42]. Table 2 shows that the
agreement was strikingly good between both techniques withβ-structure amounting to 60 and 57% for IR
(in D2O) and XRD respectively,α-helix plus big loops being 125 for both techniques,β-turns amounting
to 15 and 16% for IR and XRD, respectively, and disordered structure plus open loops 12 and 14% for
IR and XRD, respectively.

3.2. Effect of Ca2+-binding on the structure and stability of C2 domain of PKCα

Although it has been demonstrated previously that the PKCα-C2 domain is involved in Ca2+ binding,
it is not clear whether this binding affects the conformation of the protein. We studied the effect of Ca2+

binding on the secondary structure of the PKCα-C2 domain using 2 and 12.5 mM CaCl2, which, in the
conditions of the assay represent Ca2+/protein ratios of 2 : 1 and 14 : 1, respectively. Based on the binding
assays performed by Nalefski et al. [12] for the C2 domain of cytosolic phospholipase A2, the higher
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Table 2

FT-IR parameters of the amide I band components of
the PKCα-C2 domain in H2O buffer containing 25 mM
Hepes, 0.2 mM EGTA and 12.5 mM Ca2+ (pH 7.4)

Area Width Maximum
(%) (cm−1) (cm−1)

β-sheet 50 32 1639

α-helix and 22 23 1657
large loops and
random

β-turns 11 19 1668

β-turns 8 21 1678

Antiparallel 9 27 1688
β-sheet

concentration would produce maximal binding, while 2 mM is a non-saturating concentration under the
conditions of the FT-IR experiment. The spectra of the protein at 25◦C in the presence of 2 and 12.5 mM
CaCl2 both look very similar to that described above for the protein in the absence of CaCl2 (not shown
here, see García-García et al. [24]), including the number and position of the amide I component bands.
There is only a component at 1644 cm−1 which shows a significant decrease at 12.5 mM CaCl2 going
down to 9% whereas it was 13% in the absence of Ca2+.

Further insight into the structural changes that occur during ligand binding was obtained from thermal
stability studies. The deconvolved FT-IR spectra of the PKCα-C2 domain in D2O/EGTA buffer revealed
major changes in the amide I mode between 50 and 65◦C (Fig. 2A). These changes included a broadening
of the overall amide I contour and the appearance of well defined components at 1615 and 1680 cm−1,
which is highly characteristic of thermally denatured proteins [29,58]. These components indicate that
extended structures were formed by aggregation of the unfolded proteins, which were produced as a
consequence of irreversible thermal denaturation [31,58]. It is also remarkable to note that apart from
the appearance of the 1615 and 1680 cm−1 components, other changes in the structure resulted from
protein denaturation. The spectrum corresponding to 55–75◦C shows a 1647 cm−1 band as the major
component, which corresponds to an unordered structure and represents 34% of the total area (Table 1).
The band at 1631 cm−1 corresponds to aβ-sheet structure and shows two main changes: the percentage
of the total area has decreased to 16%, and the maximum wavelength of this component has shifted
from 1635 cm−1 at 25◦C to 1631 cm−1 at 75◦C (Fig. 2B). Thus, thermal denaturation of the PKCα-
C2 domain is characterized by irreversible aggregation and unfolding of theβ-sheet structure into a
disordered structure.

Figure 3 shows the effect of non-saturating (2 mM) and saturating (12.5 mM) Ca2+ on the thermal
denaturation of the PKCα-C2 domain. The addition of 2 mM Ca2+ increases the temperature at which
thermal denaturation occurs from 55◦C to 65◦C (Fig. 3A) and the final effect was very similar to that
obtained in the absence of Ca2+ (compare to Fig. 2A). However, with 12.5 mM CaCl2 the whole process
is shifted to higher temperatures (Fig. 3B), indicating that the domain has a higher stability when bound
to Ca2+. The half-midpoint temperature of thermal denaturation was calculated to be about 52–53◦C
when EGTA was used, 59–60◦C in the presence of 2 mM Ca2+ and above 70◦C in the presence of
12.5 mM Ca2+ [24].
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(A) (B)

Fig. 2. (A) Deconvolved FT-IR spectrum of PKC�-C2 domain in D2O buffer containing 0.2 mM EGTA in the amide I region
(1700–1600 cm−1) as a function of temperature from 25 to 75◦C. Fourier self-deconvolution was carried out using a Lorentzian
line-shape, a bandwidth of 18 cm−1 and a resolution enhancement factor of 2.4. (B) Amide I band decomposition of thermally
denatured PKCα-C2 domain at 75◦C. Increment of absorbance units (∆) were 0.05. The parameters corresponding to the
component bands are reflected in Table 1. Reproduced with permission fromBiochemistry38 (1999), 9667–9675. Copyright
1999 Am. Chem. Soc.

Fig. 3. Deconvolved FT-IR spectrum of PKC�-C2 domain in D2O buffer containing 2 mM Ca2+ (A) and 12.5 mM Ca2+ (B)
in the amide I region (1700–1600 cm−1) as a function of temperature from 25 to 75◦C. Increment of absorbance units (∆) were
0.05. Reproduced with permission fromBiochemistry38 (1999), 9667–9675. Copyright 1999 Am. Chem. Soc.

To further demonstrate that Ca2+ is involved in conferring a higher stability against thermal denatu-
ration to the PKCα-C2 domain, we used a construct which contains two mutations from Asp246/248 to
Asn (PKCα-C2-D246/248N) and that is not able to bind Ca2+ [49]. The FT-IR spectrum at 25◦C was
very similar to that of PKCα-C2. Thermal denaturation experiments were performed under the same
conditions described above for wild type protein, and it was found that when the mutant was incubated
in the presence of EGTA, the denaturation pattern showed higher stability with a transition temperature
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of 64–65◦C. Maximal denaturation was reached at 70◦C, as with the wild type PKCα-C2 domain. How-
ever, when Ca2+ was added at concentrations of 2 and 12.5 mM [24] thermal stability was unaffected,
and the transition temperature remained constant at 64–65◦C, suggesting that Ca2+ binding is important
for stabilization, and demonstrating that Ca2+ does not stabilize the protein structure of this mutant as it
does the structure of the wild type.

X-ray studies of this C2 domain have shown an eight-stranded antiparallelβ-sandwich involving 60%
of the amino acidic residues [42]. Theseβ-sheets are connected by several turns and three loops. Loops 1
and 3 are involved in Ca2+ binding in C2 domains of topology I. In particular, the crystal structure of the
C2 domain of PKCα has revealed three Ca2+ binding sites [56]. All three sites appear to be hexacoor-
dinate or heptacoordinate, with Ca2+-ligand coordination distances ranging from 2.4–2.6 Å. Our FT-IR
studies on the free-state PKCα-C2 domain also show antiparallelβ-sheets as the major structure (Fig. 1
and Table 1). In the presence of Ca2+, no changes in the secondary structure were observed (Fig. 2 and
Table 1). These data correlate well with other data previously obtained for the C2 domain of synap-
totagmin I, where Ca2+ binding only involves rotations of some side chains but causes no substantial
backbone rearrangement [63,64].

Thus, from the data obtained above, we can conclude that Ca2+ does not induce a major change in the
secondary structure of the C2 domain of PKCα. However, it is still not clear how Ca2+ regulates the C2
domain function. When further information on the effect of Ca2+ on the C2 domain was sought using
thermal denaturation studies and site-directed mutagenesis, we found that the denaturation mechanism
involves irreversible aggregation and unfolding of the scaffoldβ-sandwich. Ca2+ binding stabilized the
protein–Ca2+ complex during thermal denaturation and the half-midpoint of denaturation temperature
shifted from 50 to 60◦C at 2 mM Ca2+ and to approximately 70◦C at 12.5 mM Ca2+ [24]. Similar results
were obtained by circular dichroism for the C2 domain of synaptotagmin I, where Ca2+ binding induced
a shift in the denaturation temperature from 55◦C to 74◦C [63].

Studies performed with PKCα-C2D246/248N mutant revealed that these two mutations of Asp 246
and Asp 248 to Asn are capable of producing by themselves an increase in the domain’s stability during
thermal denaturation, when the transition temperature shifted from 52 to 64◦C. This temperature shift is
very similar to that obtained when a non-saturating Ca2+ concentration was used. Taking into account
that we only mutated two of the five residues involved in Ca2+ binding, these results indicate that neu-
tralization of the negative charges existing in this crevice, either by Ca2+ binding or substitution of Asp
residues by Asn, is an important mechanism for stabilizing the protein. Thus, these data confirm that, at
least in the case of the C2 domain of PKCα, while Ca2+ does not induce a major conformational change,
it does produce a structural stabilization that could account for Ca2+ regulation, and might modulate the
interaction of the domain with acidic lipids.

3.3. Effect of lipid binding on the PKCα-C2 domain

FT-IR was used to characterize the effect of PKCα-C2 domain’s binding to phosphatidic acid on its
secondary structure in the absence of Ca2+. It was observed [24] that the effect of the lipid on the
secondary structure was significant (Table 3) so that the secondary structure composition for the PKCα-
C2 domain bound to phosphatidic acid vesicles yielded values of 47%β-sheet, 21% random, 14%α-
helix/dihedral turns similar toα-helix and 17%β-turns. It is interesting to note this effect of lipids on the
secondary structure of the PKCα-C2 domain, especially the decrease in theβ-sheet component from 60
to 47% and the increase in the component assigned to random and open loops structure from 12 to 21%,
when comparing with protein in the absence of lipids (Table 1).
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Table 3

Comparison of the composition (%) of the secondary structure obtained from infrared
spectroscopy and from X-ray diffraction of the C2-domains from PKCα and from PKCε

Structure C2-PKCα C2-PKCε

FT-IR X-ray diffraction FT-IR X-ray diffraction
(%) (%) (%) (%)

β-sheet 60 57 60 54

α-helix and large loops 12 12 21 20

β-turns 15 16 19 20

Random and open loops 12 14

Fig. 4. Deconvolved FT-IR spectrum of PKCα-C2 domain in the presence of lipidic vesicles in the 1800–1600 cm−1 region
obtained at different temperatures. Phosphatidic acid vesicles were incubated with PKCα-C2 domain (A) phosphatidylcholine
vesicles and PKCα-C2 domain were used as control (B) and PKCα-C2D246/248N (C). Increment of absorbance units (∆) were
0.1. Reproduced with permission fromBiochemistry38 (1999), 9667–9675. Copyright 1999 Am. Chem. Soc.

We have previously demonstrated that the mutant PKCα-C2D246/248N binds phosphatidic acid al-
though is not able to bind Ca2+ [24]. The percentages of components obtained after band decomposition
of the amide I band of this mutant in the presence of vesicles containing 100 mol% phosphatidic were
also obtained, and it was interesting that the percentages of theβ-sheet and unordered structure compo-
nents changed as with wild type protein, which confirms the binding of the domain to lipid vesicles in
these conditions in which Ca2+ was not present.

The binding site for phosphatidic acid, in the absence of Ca2+ must take place on the lysines-rich
cluster located inβ-strands 3 and 4 where it has recently been observed that phosphatidic acid binds.
Several studies have shown that activation of classical PKCs involves conformational changes, including
the removal of the pseudosubstrate region from the active site of PKC [60,61]. Thus, ours results suggest
that the C2 domain might also be involved in this conformational change during lipid binding which
leads to protein activation

The effect of heating on the structure of PKCα-C2 in the presence of phosphatidic acid was also studied
by FT-IR (Fig. 4). In the presence of lipid vesicles containing 100 mol% phosphatidic acid, PKCα-C2 did
not change its FT-IR profile significantly in the temperature range tested, suggesting a large increase in
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(A) (B)

Fig. 5. Amide I band decomposition of the PKCε-C2 domain in H2O (A) and D2O (B) at 25◦C. The position of the individual
bands was obtained from the resolution-enhanced spectra represented in Fig. 2. The parameters corresponding to the component
bands are reflected in Table 1. The dashed line represents the curve-fitted spectra. The increment of absorbance units (∆) was
0.02 (A) and 0.1 (B). Reproduced with permission fromEur. J. Biochem.268 (2001), 1107–1117. Copyright 2001 Blackwell
Sci.

stability. As a control, we performed the same assay using PKCα-C2 and 100 mol% phosphatidylcholine
vesicles and no binding occurred. In this case, PKCα-C2 underwent thermal denaturation with a half-
midpoint temperature of 52–53◦C (Fig. 4B), exactly the same temperature as in the absence of lipids (see
Fig. 2A). Figure 4C shows the effect of thermal denaturation on the stability of the PKC-C2D246/248N
mutant and as can be appreciated, a big increase in the stability of the protein occurred with lipid binding,
confirming that the protein had bound to the lipid vesicles. These data suggest that the amino acidic
residues involved in lipid binding are, at least in part, different from those involved in Ca2+ binding.
Furthermore, lipid interaction led to a very high degree of protein structure stabilization and no change
in secondary structure was detected even after heating to 70◦C.

Thermal denaturation studies of PKCα-C2–phosphatidic acid complexes reveal the very high stability
of the protein compared with its free-Ca2+ and bound-Ca2+ states, indicating that thermal denaturation
does not occur in these conditions, at least in the temperature range studied. This high stability is similar
to that described for intrinsic membrane proteins [50,65].

3.4. Structure of the PKCε-C2 domain

To study the structure of the C2 domain of PKCε (PKCε-C2), a recombinant fusion protein was gen-
erated and purified as described in the Experimental procedures section. Protein structure was studied
by analyzing the amide I region of the infrared spectrum both in H2O and in D2O. Deconvolution of the
spectrum obtained in H2O-buffer showed four components and similar results were found after obtaining
the second derivative spectrum. Five components were found when the D2O spectrum was submitted to
deconvolution and second derivation. Quantitation was carried out by curve fitting to the original spec-
tra (Fig. 5). The corresponding parameters, i.e. band position, percentage area, and bandwidth of each
spectral component are displayed in Table 4. In the H2O spectrum, the main component was centered at
1639 cm−1 and amounted to 51%. This wavelength can be attributed toβ-sheet structure [31], the major
structural component of C2 domains [11,26]. The component at 1658 cm−1, which amounted to 18%,
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Table 4

FT-IR parameters of the amide I band components of PKCα-C2 and PKC-C2D246/248N domains in the absence or presence
of small unilamellar vesicles containing 100 mol% phosphatidic acid, in 0.2 mM EGTA D2O buffer at 25◦C. Reproduced with
permission fromBiochemistry38 (1999), 9667–9675. Copyright 1999 Am. Chem. Soc.

PKCα-C2 PKCα-C2D246/248N

Phosphatidic acid No lipid Phosphatidic acid

Position Area Width Position Area Width Position Area Width
(cm−1) (%) (cm−1) (cm−1) (%) (cm−1) (cm−1) (%) (cm−1)
1693 <1 11 1688 3 14 1693 1 14
1677 8 19 1675 7 17 1677 10 22
1663 17 19 1663 17 18 1662 23 22
1653 14 17 1653 11 15 1652 12 16
1644 21 20 1645 9 17 1643 18 19
1631 39 28 1635 53 31 1631 35 29

is usually assigned toα-helix and/or unordered structures [28] but could also be assigned to large loops
with dihedral angles similar to those ofα-helix [7,53,54,57]. The component at 1671 cm−1, amounting
to 22%, is assigned toβ-turns [20,21]. Finally the band at 1689 cm−1, which can be assigned to the high
frequency component of antiparallelβ-sheet in the case of proteins in H2O solution [28] amounted to
9% of the total area.

When the protein was studied in D2O, five components were basically detected both by deconvolution
and derivation (Fig. 5). The band centered at 1636 cm−1 corresponds to aβ-sheet structure and was the
main component, representing 51% of the total area of the amide I′ band. The component located at
1651 cm−1 is usually assigned toα helix but, as in the case of the 1658 cm−1 component in the H2O
buffer, it may also correspond to large loops or turns with dihedral angles similar to those ofα-helix [21,
31,51]. It is clear that the 1658 cm−1 component detected in the H2O buffer (Table 4) did not include un-
ordered structures since they would have shifted to a lower frequency of about 1643 cm−1 in D2O buffer,
but such a component was not detected [30]. The components located at 1662 (15%) and 1686 cm−1 (4%)
arise fromβ-turns and the 1674 cm−1 band (9%) is usually assigned to antiparallelβ-sheet structure [3,
32,33,52]. Quantitation of the secondary structure and assignments of the PKCε-C2 domain in D2O are
also summarized in Table 4 and will serve as a basis for the interpretation of temperature-dependent
structural changes of the protein in D2O buffer. Thus, there was very good agreement between the quan-
titation made in H2O and in D2O solutions, with 60%β-sheet being identified both in H2O (adding the
1639 and 1689 cm−1 components) and D2O (adding the 1636 and 1674 cm−1 components); 18%α-helix
(or loops) in H2O and 21% in D2O and 22%β-turns (adding the 1686 and 1662 cm−1 components) in
H2O and 19% in D2O.

A very good agreement was also reached between the secondary structure deduced from infrared
spectroscopy and that concluded by means of X-ray diffraction from a crystal of this protein [55]. Table 2
shows that forβ-pleated sheet the percentages found were 60% for infrared spectroscopy and 54% for
X-ray diffraction (XRD), for α-helix 21% (IR) and 20% (XRD) and forβ-turns 19% (IR) and 20%
(XRD).

It is interesting that the 60% ofβ-sheet calculated for PKCε correlates also well with the percentages
calculated by X-ray diffraction for C2 domains of the same topology, such as PLCδ (53%), cPLA2 (60%)
and PKCδ-C2 (53%) domains [17,36,44]. Recent studies have shown the crystal structure of the PKCδ-
C2 domain, which belongs to the group of novel PKCs. However, the low sequence homology between
PKCε and PKCδ C2 domains suggests that further structural variations are expected to be found in this
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(A) (B)

Fig. 6. (A) IR spectra of the PKCε-C2 domain in D2O buffer containing 0.2 mM EGTA in the amide I′ region (1700–1600 cm−1)
as a function of temperature from 25 to 75◦C. The increment of absorbance units (∆) was 0.1. (B) Half-bandwidth of the amide
I′ region of the IR spectra in cm−1 as a function of temperature, for the PKCε-C2 domain. Reproduced with permission from
Eur. J. Biochem.268 (2001), 1107–1117. Copyright 2001 Blackwell Sci.

group [17]. For example, there is an extended sequence in the CBR1-like loop of PKCε that could adopt
a large loop conformation similar to that described in the CBR1 of PLCδ1, PTEN or PI3K [13,34,36].
Another possibility is that this part of the domain adopts a helical conformation similar to that of cPLA2-
CBR1, which is involved in membrane interaction [44]. Thus, one of those structures may be the origin
of the extra helical component found in the IR spectrum of PKCε-C2 domain at 1651 and 1658 cm−1, in
D2O and H2O, respectively, since bothα-helix and large loops appear together at those frequencies [7,
28,53,54].

3.5. Study of the thermal stability of the PKCε-C2 domain by IR

Protein thermal denaturation can be followed using infrared spectroscopy by studying the temperature-
induced changes produced in the amide I′ band. Protein thermal denaturation profiles are sensitive tools
which reveal small conformational differences that are not always apparent from the individual infrared
spectra.

The band decomposition procedure used in this work enabled us to analyse the thermally induced
changes in protein structure in detail and the thermal behaviour of the individual structural elements. In
general, large changes (�10 cm−1) in band position seem to indicate variations in the secondary struc-
ture, whereas smaller shifts (�6 cm−1) reflect local changes in a given conformation [31]. Figure 6A
shows the pattern of PKCε-C2 domain upon heating, with the spectra basically revealing a typical broad-
ening of the overall amide I′ contour [24,46,62]. Figure 6B depicts a plot of half-bandwidth versus
temperature, which permitted theTm transition temperature to be calculated (45◦C approximately).

In order to study the thermal denaturation characteristics of this domain we have decomposed the
different spectra into their constituents by curve-fitting. The number of components and positions were
determined by previous deconvolution and derivation similarly to the spectra obtained at 25◦C. The
most significant changes compared with the spectrum recorded at 25◦C (Fig. 5B) are the appearance
of two new components at 1645 and 1622 cm−1 at 45◦C, which gradually increased with increasing
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Fig. 7. Thermal profiles of the amide I′ components. (A) Percentage of band area detected at 1636 cm−1 (β-sheet) (•) and
at 1623 cm−1 (aggregation) (◦) versus temperature. (B) Percentage of band area detected at 1645 cm−1 (unordered) versus
temperature. (C) Band position starting at 1680 cm−1 at 25◦C (•) and percentage of band area of the same component (◦)
versus temperature. Reproduced with permission fromEur. J. Biochem.268 (2001), 1107–1117. Copyright 2001 Blackwell
Sci.

temperatures up to 60–80◦C. The former can be attributed to an unordered structure [28] and the second
to certain structures that arise upon thermal denaturation, such as extended chains not formingβ-sheet
(β-strands), irreversible aggregation or denaturated conformation [2,9,31,58].

An analysis of the peak positions, and the percentile areas of each component obtained by curve-
fitting provided an idea of the secondary structural changes that occur during the thermal process. For
example, the area of the component appearing at 1636 cm−1, which has been attributed toβ-sheet,
abruptly decreased at 50◦C from 49 to 19% (Fig. 7A). Furthermore, this decrease was correlated by an
increasing in the percentage of the area of the 1622 cm−1 band from 0 to 25% at 50◦C, suggesting that
the emergence of the last component was a consequence of the process that induced the disappearance of
the 1636 cm−1 component. Figure 7B shows the changes which occurred, with another new component
appearing at 1644 cm−1 (assigned to unordered structure) and representing a maximum of 10–12% at the
highest temperatures. This band seems to arise from the 1651 and 1636 cm−1 components that may be
partially denaturated during the heating. A further significant change (Fig. 7C) concerned the component
at 1686 cm−1, which shifted to 1681 cm−1 at the same time that the percentage of its area increased from
4% at 25◦C to 10% at 75◦C [23]. These data suggest that there is only a small reorganization in the initial
conformation of theβ-turns, for example, the component at 1651 cm−1 slightly shifted to 1653 cm−1 at
40◦C. Furthermore, the percentage of the area decreased from 21% at 25◦C to 14% at 40◦C and stayed
constant during denaturation, indicating that this component, which is attributed toα-helix or large loops,
is very stable during the heating process.

3.6. Effect of lipid binding on the structure of PKCε-C2 domain and its thermal denaturation pattern

IR was used to determine the effect of phosphatidic acid vesicles binding on the secondary structure
of the PKCε-C2 domain. The spectrum was obtained and curve fitting was carried out for the PKCε-
C2 domain bound to vesicles containing 100 mol% of phosphatidic acid in D2O at 25◦C in the 1780–
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Table 5

Peak positions and assignment of the amide I and amide I′ bands of PKCε-C2 domain. Reproduced with permission fromEur.
J. Biochem.268 (2001), 1107–1117. Copyright 2001 Blackwell Sci.

H2O D2O

Position Area Width Assignment Position Area Width Assignment
(cm−1) (%) (cm−1) (cm−1) (%) (cm−1)
1689 9 19 Antiparallelβ-sheet 1686 4 14 β-turns
1671 22 27 β-turns 1674 9 19 Antiparallelβ-sheet
1658 18 23 α-helix, unordered 1662 15 20 β-turns

structure or large
loops

1651 21 21 α-helix, large
loops or turns with
dihedral angles
similar toα-helix

1639 51 31 β-sheet 1636 51 27 β-sheet

Table 6

Peak positions of the amide I′ band of PKCε-C2 domain bound to phosphatidic
acid at 25 and 75◦C. Reproduced with permission fromEur. J. Biochem.268
(2001), 1107–1117. Copyright 2001 Blackwell Sci.

25◦C 75◦C

Position Area Width Position Area Width
(cm−1) (%) (cm−1) (cm−1) (%) (cm−1)
1686 5 21 1686 8 30
1674 6 19 1673 10 21
1662 13 23 1662 15 21
1651 21 26 1650 19 24
1635 53 32 1635 48 36

1600 cm−1 region. The curve fitting data point to a secondary structure very similar to that obtained in
the absence of lipids [23] which suggests that no differences or changes in the secondary structure occur
when lipid binding takes place. It is interesting to note that these results are different from those observed
for the PKCα-C2 domain, which showed an increase in the component representing unordered and open
loop structures upon lipid binding [24].

The effect of heating on the secondary structure of PKCε-C2 in the presence of phosphatidic acid
was also followed by IR. The heating profile showed few changes in the temperature range that was
studied. To better characterize these changes, the spectrum obtained at 75◦C was analyzed by curve fitting
(Table 6), which revealed that the component at 1635 cm−1 decreased to 48% of the total area (from 53%
at 25◦C). Nevertheless, if we consider the contribution of the 1674 cm−1 band, the total percentage of
theβ-sheet components was 58%, which implies that no significant changes took place with this heating
process, since it amounted to 60% at 25◦C. The other components were very similar to those obtained at
25◦C (Table 5), suggesting that in the presence of phosphatidic acid, the heating process carried out here
produced only slight modifications in the secondary structure under our experimental conditions.
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3.7. Comparison of C2 from PKCα and C2 from PKCε

Some significant differences were observed between both C2 domains, knowing that whereas the C2
domain from PKCα has a type I topology, the C2 from PKCε has a type II topology. It is interesting to
note that in spite of sharing a coreβ-sheet with many other C2 domains, including the PKCα-C2 domain,
IR detected significant differences between this last domain and the PKCε-C2 [23,24]. For example, the
component at 1644 cm−1 assigned to open loops and unordered structure in the PKCα-C2 cannot be
found in the PKCε-C2 domain. Moreover, the band at 1651 cm−1 which is attributed toα-helix or large
loops, is significantly greater in the PKCε-C2 in D2O solution (21%) than in PKCα-C2 (12%).

The effect of lipid binding was also different, so that it induced a well detectable change in C2 from
PKCα but very little change was appreciated for the C2 of PKCε.

With respect to thermal stability, it has been shown that in PKCα-C2 domain, the unordered structures
and those components characteristic of thermal denaturation (1646, 1625 and 1680 cm−1) increase sub-
stantially at 75◦C, a finding which correlates well with the decrease observed in the percentage of the
α-helical andβ-sheet components [24]. On the other hand, the PKCε-C2 domain retains the 1651 cm−1

component and part of theβ-sheet structure after heating. These results demonstrate that the PKCε-C2
domain is more stable than the PKCα-C2 domain in the absence of Ca2+. These results support the idea
that one of Ca2+ functions is to stabilize the domain before lipid binding and thus, in the cases where the
function of the C2 domain is independent of calcium this role is played by the protein itself. Furthermore,
many studies of the C2 domains of topology II, such as cPLA2, have demonstrated that CBR1 and CBR3
contain hydrophobic residues that are very important for membrane binding [35,43]. The homologous
residues of PKCε-C2 domain, which contribute to CBR1 and CBR3, could be potential candidates for
the absorbance seen at this particular wavelength (1651 cm−1). These results suggest that the PKCε-C2
domain possesses a more ordered secondary structure than other C2 domains, which may be due to the
connecting loops since the coreβ-sheet is similar in all C2 domains.

The C2 domains of novel PKCs constitute a special case since they have been classified as topol-
ogy II although their membrane binding capacity depends on acidic phospholipids in a Ca2+-independent
way [15]. It has been demonstrated recently that PKCε, due to the lack of Ca2+ binding, interacts with
low specificity with PS and DAG, which implies the presence of other physiological activators for this
form [39]. For example, it is well established that PLD activation induces an increase of phosphatidic
acid in biological membranes [27] and this could be a way of activating PKCε. As it was demonstrated
previously [23] the PKCε-C2 domain has an important affinity for phosphatidic acid vesicles although
the secondary structure of the domain did not change upon lipid binding, in contrast with PKCα-C2
domain that underwent significant changes ([23] and this work). These results correlate well with the
need for the PKCα to penetrate the membrane to be fully activated, the result of which could be the
structural reorganization seen by IR. Experiments on phospholipid monolayer penetration, on the other
hand, have revealed that PKCε penetrates the membrane to a lesser extent than PKCα. This might result
in no secondary structural reorganization upon lipid binding, although some reorganization at the tertiary
level cannot be discarded [39].
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