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ABSTRACT. The secondary structure of protein kinasee (PKCa) has been studied using infrared
spectroscopy in the presence of botfCHand DO buffers. In the absence of ligands at 20, it was

shown thats-sheet is the major component, representing about 44% of the total structure, whereas the
a-helix amounts to 22%. The addition of €groduced only small changes in the secondary structure at
20 °C with the -sheet increasing up to 48%. On the other hand, the other ligands, such as phorbol
12-myristate 13-acetate (PMA), ATP, and phospholipids, did not produce any significant change. When
the thermal unfolding of PK& was studied after heating to 7&, the presence of the ligands affected

the unfolding process. PKCwas better preserved from thermal denaturation in the presencéoftoa
aggregateg@-sheet at 1618 cm decreasing from 19% in the absence of this ligand to 13% in its presence.
Protection was also afforded by the presence of PMA or phospholipids. A two-dimensional correlation
study of the denaturation of PKCin the presence of these different ligands also showed differences
among them. Synchronous 2D-IR correlation showed that the main change occurred-at@6a@nt?,

this component being assigned to the intermolecular aggredasbdet of the denaturated protein. This
increase was mainly correlated with the change irotelix component in all cases except in the presence

of a mixture of ligands including C&, ATP, PMA, and phospholipids, when the intermolecular aggregation

of 5-sheet was correlated with the change inftkgheet component. In addition, the asynchronous 2D-IR
correlation study of PK@ showed that the aggregatgeheet increased after changes in other components.

It was interesting thatt-helix changed before thg-sheet in the control experiment and in the presence

of C&*, while the order of change was reversed when PMA was added.

Protein kinase C (PKQ)is a family of related protein  participate in the processes that regulate cell signaling, which
kinases that play an important role in regulating cell growth begin in cell membranes with the appearance of bioactive
because they are involved in several intracellular pathwaysderivatives of phosholipids such as diacylglycerdls (
that end in tranSCfiption. PKCs include at least 10 different Classical PKCs consist of a Sing|e po|ypept|de chain

mammalian isoforms that can be classified into three groups comprising a regulatory region in the amino end with a size
according to their structure and cofactor regulation. The first of petween 20 and 40 kDa and a catalytic region in the
group includes the classical PKC isoforms (31, All, and carboxyl end with an approximate size of 45 k[&a-§).
v) that are regulated by acidic phospholipids, diacylglycerol, Four conserved domains can be found in classical PKCs
and phorbol esters and also by calcium. The second group(called C+C4) always with five variable regions, known
corresponds to the novel PKC isoformas ¢, 7, and0) that as V1-V5 (6). The functions of these domains have been
are regulated by phospholipids, diacylglycerols, and phorbol characterized by biochemical studies and by site-directed
esters but not by calcium. The third group comprises the mutagenesis. In this way, classical PKCs are activated by
atypical PKC isoforms{, 7/, andu) that are not regulated  their translocation to membranes in a process regulated by
by diacylglycerol or by calcium 1=3). PKC isozymes  two kinds of molecular signals. The first signal is calcium,
which binds to the protein C2 domain that is always present
tThis work was supported by Grants BMC2002-00119 from in classical PKCs®&) before interacting with the charged
Direccitn General de InvestigaaipMinisterio de Ciencia y Tecnolag groups of anionic phospholipid¥) The second signal is

(Spain), and PI-35/00789/FS/01 from Fundac®meca (Comunidad : : : : :
Autbnoma de Murcia, Spain). A.T. is a recipient of a fellowship from diacylglycerol, which binds to the protein C1 domain that,

Fundacio Seeca (Murcia, Spain). S.C.-G. belongs to “RanyoCajal in classical PKCs, occupies the amino-terminal position.
Program” supported by Ministerio de Ciencia y TecnétogiUniver- Phorbol esters are tumor-promoters that also bind to the C1-
sidad de Murcia. ; ; . . .
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protein kinase C.; PMA, phorbol 12-myristate 13-acetate; POPA, To date, it has not been possible to determine the high
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structure of the C1 domains from PiKG10), PKCa (11),

and PKG (12) are characterized by cysteine-rich sequences,

which form zinc-fingers, and adopt a globular structure with
two antiparalle[s-sheets and a smalthelix in the carboxylic
end. The C1 domain binds phorbol esters without any
variation in the structurel(Q). A number of works have also
been published on the high-resolution structure of the C2
domain from PK@I (13), PKCGo (14), PKCo (7, 15), and
PKCe (16). The structure of this domain consists of eight
antiparallels-sheets forming #-sandwich. This activation
of PKC involves the interaction of the domain through a
C&" bridge with the membrane by using the high-affinity
binding site rich in acidic residues such as aspartic agid (
15). The C2 domain from PK& may also bind phosholipids
in a C&"-independent site rich in lysine4), which may
serve for the activation of PK&by PIR, (17).

Although the high-resolution structure of the catalytic

region is not known, a model has been proposed for IKC
(18) based on the structure of protein kinase A (PKAJ)(

Biochemistry, Vol. 43, No. 8, 2002333
EXPERIMENTAL PROCEDURES

Materials. 1-Palmitoyl-2-oleoylsn-glycero-3-phosphocho-
line (POPC) and 1-palmitoyl-2-oleogrglycero-3-phos-
phate (POPA) were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). Adenosine‘8riphosphate (ATP) was pur-
chased from Roche (Roche Diagnostics, Barcelona, Spain).
Calcium standard and phorbol 12-myristate 13-acetate (PMA)
were obtained from Sigma (Madrid, Spain). Western Light-
ning Chemiluminescence Reagent Plus was purchased from
NEN (Boston, MA). Deuterated water (deuterium oxide) was
purchased from Aldrich (Aldrich Chemical Co., Milwaukee,
WI). Water was twice distilled and deionized using a
Millipore system from Millipore IBeica (Madrid, Spain).

Preparation of Phospholipidd.ipid vesicles were gener-
ated by mixing chloroform solutions of POPC and POPA at
the desired proportions (POPC/POPA, molar ratio 1:4).
Lipids were dried from the organic solvent under a stream
of oxygen-free nitrogen, and then the last traces of organic
solvent were removed under vacuum for at least 2 h. Dried

The proposed structure assumes the existence of a cavitiphospholipids were resuspended in the appropriate buffer by
corresponding to the active site that will be blocked by the vigorous vortexing. To produce small unillamelar vesicles

pseudosubstrate in the inactive state of the prote@). A
model has been proposed for the whole structure of ®KC
based on previously known structures of different domains
(20).

Very few studies have been carried out with the full-length

(SUVs), phospholipid mixtures were subjected to direct probe
sonication (10 cycles of 15 s). Large unillamelar vesicles
(LUVs) were prepared as previously describad)(Briefly,
phospholipid mixtures were frozen and thawed atGGive
times and then passed through two polycarbonate filters with

protein because so far it has proved impossible to obtain@ 0-1um pore size using an extruder (Lipex Biomembranes

crystals of sufficient quality to carry out high-resolution

Inc., Canada).

studies. Nevertheless, some low-resolution studies have been Expression and Purification of Protein KinasexCThe

performed with microcrystals of the PKIC providing
information on its size and shap2lj, while other studies
have used two-dimensional crystals of PK@nd PKGx
(22—23). Finally, other low-resolution studies have focused
on the circular dichroism of the secondary structure of PKC
(24, 25, although such studies were carried out with protein

full length cDNA for porcine PK@ was kindly provided
by Dr. Robert M. Bell (Duke University Medical Center,
Durham, NC). PK@ was expressed i15f9 (Spodoptera
frugiperdg insect cells, and the protein was purified as
described previoushB(—33). Briefly, Sfocells were infected
with a high-titer recombinant baculovirus, and then RPKC

preparations isolated from biological tissues and consisting Was purified to homogeneity from the cytosolic fraction using

of a mixture of isoenzymes.

Infrared spectroscopy is a very well suited technique to
study the secondary structure of proteing6)( Two-
dimensional infrared (2D-IR) correlation spectroscopy
29) is a modern technique with a very broad potential in the

study of proteins. This technique has four main advantages:

(1) The 2D-IR correlation spectroscopy deconvolutes amide

bands into component bands due to different secondary

structures. (2) It allows the establishment of correlations

between bands due to different secondary structures of

protein through selective correlation peaks for a given
conformation. (3) It enables us to monitor intensity variations
even in very weak protein bands. (4) It provides information

about specific order of secondary structural changes and

changes under various environmeri28)(

In the present study, we use highly purified cloned RKC
from Sf9insect cells to carry out a study on the secondary
structure of this enzyme using infrared spectroscopy. We

chromatographic techniques. Finally, PiK@as concentrated
using an Ultrafree-30 centrifugal filter device (Millipore Inc.,
Bedford, MA), and the concentration was determined using

the method described by Smith el 84J. The purity of the

sample was checked by silver staining, and it was higher

than 95%.

PKCa Membrane Binding Assayo verify that PKGx is
bound to the membranes used in the conditions of the FT-
IR assays, sucrose-loaded large unillamelar vesicles (LUVS)

were used. Lipid mixtures (POPC/POPA, molar ratio 1:4)

and LUVs were prepared as described above. Dried phos-
pholipids were resuspended in 25 mM Tris-HCI, pH 7.5, 100
mM NaCl, 1 mM EGTA, 250 mM sucrose, and 1 mM DTT
by vigorous vortexing. The mixtures were frozen and thawed
at 30 °C five times. Then they were passed through two
polycarbonate filters with a 0.km pore size using an
extruder (Lipex Biomembranes Inc., Canada). Fifty micro-
grams of PK@ and 200ug of lipid mixture were used for
each sample with a final volume of 2@Q. The experiments

have also studied the thermal unfolding of this protein and were carried out using different free €aconcentrations.
the effect produced by several protein ligands, which act as Note that the molar ratio (protein/phospholipid) used in these

activators. Finally, 2D correlation spectroscopy was used to

experiments was the same as that used in the FT-IR assays.

further clarify the unfolding path of the protein during the The binding mixture was incubated at 2& for 10 min

thermal denaturation and the effect on it of the different
ligands.

before adding the protein. The binding buffer contained the

same components as the buffer that was used for resuspend-
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ing the lipid mixture. The binding assay ended after 20 min decomposition of the original amide | or amiderégions
at 25°C, and the vesicle-bound protein was separated from have been previously describegb( 39, 40. The fractional
the free protein by ultracentrifugation of the mixture at areas of the bands in the amide | or amitleegions were
100000 x g for 60 min at 15°C. Control experiments  calculated from the final fitted band areas. It is assumed that
without lipids and in the presence of vesicles but absence ofthe extinction coefficients of the different protein components
calcium were carried out. Free and lipid-bound RK®@ere are not very different among them and that, in any case, the
detected by Western Blotting as previously descril&). ( error derived from this assumption is within the range of
The amount of protein loaded into the SBfolyacrylamide errors inherent to the method (see the Discussion section).
gel was in the linear range of detection of the Chemilumi-  The signal-to-noise ratio was calculated through the ratio
niscence Western Blotting kit. of intensities between the maximum of the amide | band at
IR SpectroscopyPKCo was prepared at 20 mgL ! (240 1636 cnm! and the intensity at a frequency out of this region
uM) in H,0 buffer and at 5 mgnL~* (60 M) in D,O buffer, and where no significant absorbance takes place such as 1780
containing in both cases 25 mM Tris-HCI, pH 7.5 (or pD cm™?, and this was found to be about 600 in all the samples
7.5), 100 mM NaCl, 0.5 mM EGTA, and 0.5 mM DTT. studied.
When DO buffer was used, the protein was incubated The procedure used here to quantitatively calculate the
overnight at 4°C to maximize H-D exchange. To study  secondary structure is usually assumed to have an error of
infrared amide bands of the protein in the presence of lipids, about 1% 89), and in this paper, we have assumed it to be
SUVs were prepared in the same buffer, and they were mixed1—2% as deduced from the comparison of at least three
with the protein solutions. The lipid mixtures used in these independent experiments and the repetition of the fitting
experiments contained POPC/POPA (molar ratio 1:4) and procedure by three different persons; therefore, we will
were prepared at 80 mgL—* (when using HO buffer) or assume as being significantly different changes in the
20 mgmL~* (when using RO buffer). The proteirlipid structural components higher than 3%.
mixtures were centrifuged, and only the protein present in  Two-dimensional correlation analysis was carried out using
the pellet, that is, bound to the lipid membranes, was usedthe 2D-Pocha program written by Dr. Adachi and Dr. Y.
for FT-IR analysis. Ozaki (Kwansei Gakuin University, Japan), which can be
Infrared spectra were recorded using a Bruker Vector 22 found at the following website: http:/science.kwansei.ac.jp/
Fourier transform infrared spectrometer equipped with a ~ozaki/2D-Pocha.htm. This software can calculate the two-
MCT detector. Samples were examined in a thermostateddimensional correlation spectroscopy proposed by I. Noda
Specac 20710 cell (Specac, Kent, U.K.) equipped with,CaF (27). The maximum intensity of the whole correlation map
windows and um spacers (kD buffer) or 25um spacers  is divided by 6 giving place to a contour map in which the
(D20 buffer). The spectra were recorded after equilibration main peak, that is, the one with the maximum intensity, will
of the samples at 26C for 20 min in the infrared cell. A be surrounded by six contour lines and the rest of the peaks
total of 128 scans were accomplished for each spectrum withwill show a number of contour lines that will reflect their
anominal resolution of 2 c, and then spectra were Fourier intensities in relation to the main peak.
transformed using a triangular apodization function. Asample  To obtain the 2D-IR maps, heating was used as the
shuttle accessory was used to obtain the average backgroung@erturbation to induce time-dependent spectral fluctuations
and sample spectra. The sample chamber of the spectrometeind to detect dynamical spectral variations on the secondary
was continuously purged with dry air to prevent atmospheric structure of the PK&. The mathematical background for
water vapor from obscuring the bands of interest. Samplesgeneralized 2D correlation spectroscopy has been described
were scanned between 20 and°f5at 5°C intervals with in detail 7). The following procedures were taken to obtain
a 5 min delay between each scan using a circulation watergeneralized 2D correlation of temperature-dependent infrared
bath interfaced to the spectrometer computer. Spectralspectra. Given an infrared spectral intensity varia\onT)
subtraction was performed interactively using the Grams/32 gbserved in a temperature range betw&gh and Tmay the
program (Galactic Industries Corporation, Salem, NH). synchronous and asynchronous 2D-IR correlation intensities,
Solvent contribution was eliminated by subtracting the pure ®(v1,v5) and W (v4,v,), become
buffer spectrum from the protein sample one to maintain a
flat baseline between 2000 and 1300 ¢mas previously D(vy,vy) +iW(v,v,) =
described6). This procedure eliminated the possible water
contamination because the water band at 2150'cwas
abolished when using @ buffers 87). Finally, the spectra
were subjected to a baseline in the amide | 'orelgions
(1700-1600 cnt?) to improve the curve fitting and then to ~ where Yi(w) is the temperature-domain Fourier transform
second-derivation and deconvolution, according to Griffiths of A(v1,v2) and Y(w) is the conjugate of the Fourier
and Pariente38), using the Grams/32 software. Fourier self- transform ofA(v,,T).
deconvolution was carried out using a Bessel smoothing As reviewed by Noda27), the synchronous 2D correlation
function, a Lorentzian shape withjafactor of 10, and a  spectrum of dynamic spectral intensity variations represents
full width at half-height of 20 cm'. Both deconvolution and  the simultaneous coincidental changes of spectral intensities
derivation gave the number and position, as well as an measured av; and v,. Correlation peaks appear at both
estimation of the bandwidth and the intensity of the bands, diagonal (autopeaks) and off-diagonal peaks (cross-peaks).
making up the amide | region. Thereafter, curve fitting was The asynchronous spectrum of dynamic spectral intensity
performed and the heights, widths, and positions of each bandvariations represents sequential, or unsynchronized, changes
were optimized successively. Data treatment and bandof spectral intensities measuredvatandv,. The asynchro-

ﬁf; Y,(w)Y5(w) dw

max
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Ficure 1: FT-IR spectra of PK@& in H,O buffer in the presence of 2QfM EGTA at 20°C. The protein concentration was 20 md_~*

(240uM). The increment in absorbance unitsAbs) was 0.04. Panel A shows the FT-IR difference spectrum in the range between 1800

and 1400 cm?, where the amide | and amide Il regions can be seen. Panel B shows the FT-IR spectrum (solid line) in the amide | region
with the fitted component bands. The parameters corresponding to the component bands are shown in Table 1. The dashed line represents
the curve-fitted spectrum. Panel C shows the deconvolution (upper trace) and second derivative (lower trace) of the FT-IR spectrum of this
sample.

Table 1: FT-IR Parameters of the Amide | Band Components of KD mgmL™2) in H,O Buffer at 20°C and in the Presence of 2(d
EGTA (A), 2.4 mM C&* (B), 2 mM PMA with 4 uM ZnCl, (C), 2 mM ATP with 4uM ZnCl, (D), and 1 mM C&", 2 mM ATP, 2 mM
PMA, and 112.8 mM (80 mgnL) POPC/POPA (1:4 Molar Ratio) in the Presence @fM ZnCl, (E)

A B C D E
positior? ared position area position area position area position area
assignment (cm™) (%) (cm™) (%) (cm™) (%) (cm™) (%) (cm™) (%)
antiparalle|s-sheet 1688 7 1689 7 1688 8 1688 8 1689 6
p-turns 1678 5 1678 5 1678 6 1678 6 1678 7
p-turns 1670 5 1671 5 1671 6 1670 7 1670 7
o-helix + random 1658 29 1658 28 1658 28 1658 28 1657 28
open loops 1644 12 1644 10 1645 12 1645 12 1644 12
B-sheet 1631 42 1631 45 1632 40 1632 40 1631 40

apeak position of the amide | band componeRBercentage area of the amide | band components. The area corresponding to side chain
contributions located at 1661615 cnt! has not been considered.

nous spectrum has no autopeaks, consisting exclusively of(20 mgmL™1) in the presence of 200M EGTA, that is, in
cross-peaks located at off-diagonal positions. An asynchro-the absence of ligands, at 2C.
nous cross-peak develops only if the intensities of tWo  The amide | band decomposition of the native RKi@
dynamic spectr_al intensities vary out of phase With each otherHZO and 200uM EGTA at 20°C is shown in Figure 1B.
for some Fourier-frequency components of signal fluctua- The number and initial position of the component bands were
tions. obtained from band-narrowed spectra by Fourier deconvo-
RESULTS lution and derivation (Figure 1C). The corresponding pa-
rameters, that is, band position, percentage area, bandwidth
FT-IR Studies.The secondary structure of PikCwas of each spectral component, and assignment, are shown in
studied using infrared spectroscopy. Spectra were obtainedTable 1. The spectrum in #@ showed six components in
using both HO buffer and DO buffer. Figure 1A shows the amide | region. The main component accounting for 42%
the spectrum obtained in @ buffer of the native PK& of the total band area was localized at 1631 &nand it
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Ficure 2: FT-IR spectra of PK@& in D,O buffer in the presence of 2QM EGTA at 20°C. The protein concentration was 5 mg_—1

(60 uM). The increment in absorbance unitsAbs) was 0.04. Panel A shows the FT-IR difference spectrum in the range between 1800
and 1400 cm?, where the amidé€ lamide Il, and amide 1iregions can be seen. Panel B shows the FT-IR spectrum (solid line) in the amide
I" region with the fitted component bands. The parameters corresponding to the component bands are shown in Table 2. The dashed line
represents the curve-fitted spectrum. Panel C shows the deconvolution (upper trace) and second derivative (lower trace) of the FT-IR

spectrum of this sample.

can be assigned f@structure 26). The component localized
at 1658 cm? that contributes 29% of the total area may be
assigned to eithan-helix or disordered structur@). The
components appearing at 1678 éng5%) and 1670 cm*
(5%) arise fronp-turns @1, 42), and the component centered
at 1688 cm* (7%) was assigned to antiparalfkheet 26).
Another component was located at 1644 ¢mand it is
assigned to open loops, that is, to loops fully hydrated and
not interacting with nearby amide functional grougS-<
45). In summary, the secondary structure of RKid H,O
buffer in the presence of EGTA was 4984pleated sheet,
after adding the areas of components at 1631 and 1688 cm
29% assigned ta-helix and disordered structures, 12% to
open loops, and 1098-turns (Table 1).

Very similar results (Table 1) were obtained for the
secondary structure of this protein, differences of ony3%
being obtained in some components, which is within
experimental error, when the spectrum was taken in the
presence of several ligands, such as 2.4 mM"Caith a
protein/C&" molar ratio of 1:10. Among other ligands that
did not induce changes higher than 3% at@0were 2 mM
PMA with 4 uM ZnCl,, 2 mM ATP with 4uM ZnCl,, and
a mixture of ligands including Ca (1 mM), ATP (2 mM),
PMA (2 mM), and 80 mgmL~* (112.8 mM) POPC/POPA
(1:4 molar ratio) in the presence ofiM ZnCl, (Table 1).

(5 mgmL™Y) in the presence of 200M EGTA at 20°C
(Figure 2A). It can be observed that the amide Il band, which
was observed in samples prepared in the presence®f H
buffer and centered at about 1560 ¢irhas decreased very
considerably as a consequence of the use,of Buffer. This

is the consequence of theHD exchange that takes place
when using RO buffer. The range of HD exchange was
quantified using two different procedures. The first one
implies the calculation of the ratio between the areas of amide
I and amide | bands4@). If we suppose that the value
obtained for the sample inJ@ buffer is 100%, the value
obtained for this sample in the presence @Olbuffer was
13.3%, and hence, the exchange was 86.7%. Similar values
were obtained for all the other samples studied in this paper
ranging between 83.8% and 87.1%. These percentages seem
to be related to maximum exchange, since after heating at
75 °C, that is, denaturation, the percentage of exchange
increased but very slightly, ranging between 83.0% and
85.5%. The second procedure consisted in obtaining the ratio
between the values of absorbances at 1550 (amide Il) and
that of the band at 1515 crh which corresponds to tyrosine.
This last band at 1515 crhis used to normalize data since

it is not affected by the HD exchange47). Ratio values
obtained from the samples studied inbuffer can then

be compared with those obtained in the presence & H

In a second set of experiments, spectra were obtained inbuffer. The results were very similar to those found through

the presence of f buffer for a sample of the native PKC

the first procedure with percentages of exchange ranging
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Table 2: FT-IR Parameters of the AmideBand Components of PKC(5 mgmL™) in D,O Buffer at 20°C and in the Presence of 20
EGTA (A), 600uM Ca2t (B), 500uM PMA with 1 M ZnCl, (C), 500uM ATP with 1 uM ZnCl, (D), and 250uM Ca2*, 500uM ATP, 500
uM PMA, and 28.2 mM (20 mgnL~) POPC/POPA (1:4 Molar Ratio) in the Presence @fM ZnCl, (E)

A B C D E
positiort ared position area position area position area position area
assignment (cm™) (%) (cm™) (%) (cm™) (%) (cm™) (%) (cm™) (%)
p-turns 1690 1 1690 1 1685 2 1686 2 1689 1
antiparallel3-sheet 1676 5 1677 4 1674 7 1674 8 1677 4
p-turns 1659 6 1659 5 1664 7 1663 12 1666 9
a-helix 1657 22 1657 20 1655 22 1652 19 1655 21
random+ open loops 1644 22 1644 22 1643 20 1642 19 1644 21
p-sheet 1631 44 1631 48 1631 42 1630 40 1631 44

apeak position of the amidé band component$.Percentage area of the amideband components. The area corresponding to side chain
contributions located at 1661615 cnt! has not been considered.

between 82.8% and 85.5% at 20 and 84.6% and 85.3% a mixture of ligands including Ca (250 uM), ATP (500
at 75°C for all the samples studied, hence confirming that M), PMA (500 M), and 20 mgmL~* (28.2 mM) POPC/
the heating to 78C did not appreciably enhanced the-B POPA (1:4 molar ratio) in the presence qil¥l ZnCl, (Table
exchange. 2). In the case of 50kM ATP, there were two higher
The amide ' band decomposition of the native PKGn differences, an increase in thturns component (1663
D,O and 200uM EGTA at 20°C is shown in Figure 2B.  cm1), which reached 12% (6% in the absence of ligands),
The number and initial position of the component bands were and a decrease in tifesheet component (1630 c#), which
obtained from band-narrowed spectra by Fourier deconvo-amounted to 40% (44% in the absence of the ligands) (Table
lution and derivation (Figure 2C). The corresponding pa- 2).
rameters, that is, band position, percentage area, bandwidth 1o gain further insight into the structural changes that
of each spectral component, and assignment, are shown ilyeeyr during ligand binding, thermal stability studies were
Table 2. The spectrla mi_D) exhibit six comp_on_ent band§ N performed. The FT-IR spectrum of PKGn D,O/EGTA
the 1700-1600 cn1* region, and the quantitative contribu- ) i#er revealed major changes in the amitienbde at 75

tion of each band to the total amidecbntour was obtained ¢ (gjgure 3A). These changes included a broadening of the
by band curve-fitting of the original spectra. The major . erail amidelcontour and the appearance of a well-defined
component in the am'dé legion appears .at 1631 cfand component at 1618 cm, which is highly characteristic of
clearly arises from intramolecular=€D vibrations of the thermally denatured proteins, together with another new

f-sheets 26, 36, 39), this being at the same frequency as component, which is also characteristic of aggregAteteet
that in HO (see Table 1 above). The high-frequency at 1%79 CI”TTl (36, 53). These componen?s? in%ﬂ}cate that

component at 1676 cm can be assigned to the antiparallel extended structures were formed by aggregation of the

ﬁjpeeretTﬂguiggfgﬁ?éri%%iaerrllrt]%:rtrelssgng: ghizh?( unfolded proteins produced as a consequence of irreversible
(26, 3'9, 43 48), and it is separated from the random thermal denatur(?tion3(7, ?1, 53, 54)._ These components
component appearing in this,O buffer at 1644 cm, gmount(_ad to 19% and 8%, respectively (Table 3). Also of
atough the band at 1644 o can be atvouted 1o TIPS he et et apart o e sppesranceof e 1616
nonstructured conformations, including open loog €3) protein denaturation. The spectrum corresponding to ®@KC

that were already observed at this frequency in thOH ! R ;
buffer. The bands located at 1669 and 1690 €wrise from in the presence of 200M EGTA at 75°C (Figure 3A) shows

B-turns @6, 49, 50). Additionally, there is a band at about a band centered at 1643 chas the major component, which
1610 e, which has been assigned to side chain absorption corresponds to an unordered structure and represents 33%
(39, 50—-52) and of which the contribution therefore is not of the total area (Table 3). The band at 1629 &m

included in the calculation of the secondary structure of COTeSPonds to g-sheet structure and shows two main
PKCoL. changes: the percentage of the total area has decreased to

0 . ;
The secondary structure of PKGn the presence of 200 20%, and the maximum wavelength of this component has

uM EGTA in D,O buffer was as follows: 4995-sheet shifted from 1631 e at 2(.) .OC to 1629 .le at 75°C
(taking into account the 1631 and 1676 énbands), 22% (Tables 2 and 3). oln addmoon, the-helix component
o-helix, 7% fS-turns (adding the 1669 and 1690 th decreaseql from 22@ to 12% a_t 2C. Thus, thermal
components), and 22% open loops and nonstructured Con_denatqratlon of PK@ IS characterized by |rreverS|t_3Ie ag-
formation (see Table 2). Very similar results were obtained g_regat|on and unfold|_ng of thﬁ-sheet structure mtp a
for the secondary structure of this protein when the spectrum disordered structure with a considerable decreaseluslix
was taken in the presence of several ligands, such as 60(A"d @n increase in random structure.

1M Ca* with a protein/C&" molar ratio of 1:10, differences The addition of 60Q«M Ca2*, which produced a protein/
of only 1-2% being obtained in some components, which C&* molar ratio of 1:10, afforded a certain protection so
is within experimental error. The most significant effect was that thes-structure decreased to only 33% at°and the
the increasing of thg-sheet, which amounted 48% in these 1618 cm! component only amounted to 13%, while the
conditions. Other ligands that did not induce changes higherrandom component only increased to 27%. Tdelix
than 3% at 20C were 50(uM PMA with 1 uM ZnCl, and decreased to 12%, a similar percentage to that observed for
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Ficure 3: FT-IR spectra (solid line) of PK&in D,O buffer with the fitted component bands in the amitleegion at 75°C and in the

presence of 20@M EGTA (A), 600uM Ca* (B), 500uM PMA with 1 uM ZnCl, (C), 500uM ATP with 1 uM ZnCl, (D), and 250uM

Cat, 500uM ATP, 500uM PMA, and 28.2 mM (20 mgnL~1) POPC/POPA (1:4 molar ratio) in the presence @fM ZnCl, (E). The

parameters corresponding to the component bands are shown in Table 2. The dashed line represents the curve-fitted spectrum. The protein
concentration was 5 mmL~? (60 «M). The increment in absorbance unitsAbs) was 0.04.

Table 3: FT-IR Parameters of the AmideBand Components of PKC(5 mgmL™1) in D,O Buffer at 75°C and in the Presence of 2
EGTA (A), 600uM C&" (B), 500uM PMA with 1 uM ZnCl, (C), 500uM ATP with 1 uM ZnCl; (D), and 250uM C&", 500uM ATP, 500
uM PMA, and 28.2 mM (20 mgnL~!) POPC/POPA (1:4 Molar Ratio) in the Presence @fM ZnCl, (E)

A B C D E
positiort ared position area position area position area position area
assignment (cm™) (%) (cm™) (%) (cm™) (%) (cm™) (%) (cm™) (%)
antiparallels-sheet 1679 8 1679 8 1679 8 1681 9 1680 5
f-turns 1667 8 1667 7 1667 10 1667 11 1667 13
a-helix 1657 12 1657 12 1657 12 1657 12 1654 16
random+ open loops 1643 33 1644 27 1644 32 1644 33 1642 33
[-sheet 1629 20 1629 33 1631 23 1630 16 1630 17
aggregateg-sheet 1618 19 1618 13 1618 15 1618 19 1619 16

apeak position of the amidé band component$.Percentage area of the amideband components. The area corresponding to side chain
contributions located at 16641615 cnt! has not been considered.

the protein in the presence of EGTA (Table 3 and Figure amounted to 15% at 78C, compared with 19% in the
3B). presence of EGTA, while thg-sheet structure located at
The presence of 502M PMA plus 1 uM ZnCl, also 1631 cn1! remained at 23% (Table 3 and Figure 3C).
afforded some protection although less than was provided Another ligand tested was 50M ATP in the presence
by C&". In this case, the 1618 crh component only of 1 uM ZnCl,. This ligand also introduced some changes
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& 50 o T Ficure 5: Half-height bandwidth of the amidéregion of the FT-
< IR spectra in cm! as a function of temperature from 20 to 76
% 40 - for the PKQGx in D,O buffer and in the presence of 2081 EGTA
B (@), 600uM Ca2+ (#), 500uM PMA with 1 uM ZnCl, (<), 500
8 30 4 uM ATP with 1 uM ZnCl, (O), and 250uM Ca2*, 500uM ATP,
T 500 uM PMA, and 28.2 mM (20 mgnL~%) POPC/POPA (1:4
_§ 20 4 I molar ratio) with 1uM ZnCl, (O).
10 - C&", the protein was bound to vesicles in approximately
I—Ll the same proportion, that is, between 45% and 60% (Figure
0 T T T T T T 4B). Control assays were carried out in the absence of ligands
c EGTA 1 45 15 27 and in the presence of LUVs without any other ligand. It

should be kept in mind that, as explained in the Experimental
o o Procedures section, samples incubated with liposomes were
FiGure 4: PKCu binding to membranes containing POPC/POPA  centrifuged to isolate these vesicles plus bound protein and

(CaZ+x‘protein) molar ratio

(1:4 molar ratio). Fifty micrograms of PK&Cand 20Qug of POPC/

POPA LUVs were used to reproduce the conditions used in the
FT-IR. Different C&" concentrations were tested. The protein was
detected by Western Blotting (A). The quantification of the protein
(free or bound to the vesicles) was carried out by densitometry
and plotted in a bar chart (B). Control assays were carried out with

the protein alone in the absence of ligands (sample called C) and

in the presence of LUVs without any other ligand (sample called

that only bound protein was present in the samples studied
by infrared spectroscopy.

Figure 5 shows a plot of the half-height width of the amide
I' band against temperature, which is a way of following
protein denaturation3@). As can be seen, the effect of the
different ligands is not entirely the same: wherea% Qaith

a protein/C&" molar ratio of 1:10) and also PMA (5Qav

in the presence of AM ZnCl,) clearly preserve the protein

in the denaturation pattern of the protein, inducing a bigger from thermal-induced widening of the band, other ligands,
decrease in thg-structure component at 7&, which fell such as ATP (502M with 1 uM ZnCl,) and the combination

to 16%, but an increase in the percentag@-odirns, which of C&" (250 uM), ATP (500 uM), PMA (500 uM), and
now amounted to 11% (Table 3 and Figure 3D). POPC/POPA (28.2 mM) at a 1:4 molar ratio in the presence

Finally, a combination of ligands including 2501 Ca2*, of 1 uM ZnClz, had no such effect, although, as explained,
500 M ATP, 500uM PMA, and 20 mgmL~! (28.2 mM) they somehow modify the denaturation pattern.
POPC/POPA (1:4 molar ratio) in the presence gM ZnCl, To better visualize the changes taking place during thermal
also altered the denaturation pattern with a decrease beinglenaturation, 3D-spectra were constructed (see Figure 6). A
observed in the components markifigaggregation. These ~ comparison was made between RKi@ the presence of 200
were 5% for the 1680 cmt component and 16% for the 1619  «M EGTA (Figure 6A) and in the presence of 60M Ca?*
cm~! component, being therefore only 21% in total (28% in (Figure 6B) or 50«M PMA with 1 uM ZnCl; (Figure 6C).
the presence of EGTA). More interesting was the preserva-It can be clearly observed that both the widening of the
tion of thea-helix component (1654 cm) at 16% and the  overall amide lcontour and the aggregation-indicative band
increase inB-turns (1667 cm?), which amounted to 13%  at 1618 cm* were reduced in the presence of these protein
(Table 3 and Figure 3E). ligands (C&" and PMA).

It is interesting to underline that PkOwas bound to the 2D-IR Correlation StudiesA deeper insight into the
mixture of ligands containing G4, ATP, PMA, and POPC/  mechanism of protein unfolding and the role of the different
POPA (1:4 molar ratio) in the conditions used for the FT- ligands was obtained by 2D-IR correlation spectroscopy. In
IR experiments, as can be seen from the binding assayall cases, the average spectra of the temperature scans from
depicted in Figure 4, where LUVs were used. The molar 20 to 75°C were used as reference in the analysis.
ratio (protein/phospholipid) was the same as that used in the The synchronous 2D-IR correlation contour map of BKC
FT-IR experiments. Free and lipid-bound P#&Cwvere in the presence of EGTA corresponding to the heating from
detected by Western blotting (Figure 4A), as previously 20 to 75°C (Figure 7A) shows two autopeaks located at
described §5), while the quantification was carried out by 1617 and 1650 cnt, indicating that these are the frequencies
densitometry (Figure 4B). Different €aconcentrations were  at which the main changes are taking place during the
tested, and even in the presence of the smallest amount othermally induced unfolding of the protein. The most intense

EGTA).
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Ficure 6: Deconvolved FT-IR spectra of PKCin the amide 'l
region (1706-1600 cn1?) as a function of temperature from 20 to
75 °C in the presence of 200M EGTA (A), 600 uM Ca* (B),
and 25uM C&*, 500uM ATP, 500uM PMA, and 28.2 mM (20
mg-mL~1) POPC/POPA (1:4 molar ratio) in the presence giM
ZnCl, (C). The protein concentration was 5 mg-~* (60 uM).
The bands indicating aggregation (161819 cnt! and 1679-
1680 cntt) are shown. The increment of absorbance uriial{s)
was 0.04.

Torrecillas et al.

cross-peaks were observed at these frequencies {16850

cm~1) and were negative, indicating that during the heating
process one of them increases as the other one decreases.
These observations are fully consistent with the FT-IR studies
described above: the disappearance obtelix component

is associated with the appearance of the intermolecular
aggregatedi-sheet.

The presence of 600M Ca?", which produced a protein/
C&" molar ratio of 1:10 (Figure 7B), 500M PMA with 1
uM ZnCl, (Figure 7C), or 50QuM ATP with 1 uM ZnCl,
(data not shown) did not modify much the synchronous
spectrum, and the same peaks were observed.

The addition of the ligand combination of 2a®1 Ca?*,

500 uM ATP, 500 uM PMA, and 28.2 mM POPC/POPA
(molar ratio 1:4) in the presence of M ZnCl; led to a
change in the synchronous spectrum (Figure 7D). The
autopeaks now showed their maxima at 1616 and 1633,cm
indicating that the main correlations were now between the
aggregate@-sheet and thg-sheet, respectively. The main
cross-peak observed in these conditions and correlating
1616-1636 cnT! was negative, meaning that the disappear-
ance of the3-sheet was associated with the appearance of
the aggregated components at 1616 tmAgain these
observations are fully consistent with the FT-IR studies
described before.

The asynchronous 2D-IR correlation contour map of
PKCa in the presence of EGTA due to the thermal
denaturation from 20 to 78C (Figure 8A) showed a butterfly
pattern characteristic of a bandshif5{ occurring toward
1617 cn! as a consequence of the aggregation accompany-
ing denaturation. There is a maximum in this area with a
negative correlation at 163+71629 cn?, indicating that the
change at 1629 cni (decrease iffi-sheet) precedes that at
1617 cn! (appearance of aggregat8esheet). The tail of
this negative peak correlates tiesheet (1634 crit) with
the random (1649 cm) and a-helix (1658 cm') compo-
nents, indicating that the changes at 1634 ti-sheet)
occurred after the other two (random améhelix).

The asynchronous spectrum of P&@h the presence of
600 uM C&*, which means a protein/€amolar ratio of
1:10, showed a different pattern (Figure 8B) with only one
significant positive peak correlating 1627651 cn1?. Since
the corresponding area in the synchronous spectrum was
negative, the change in the-helix located at 1651 crmi
occurred before the aggregat@édheet appeared (change at
1617 cnl). This positive peak was similar to another one
observed in the spectrum obtained in the presence of EGTA,
although the butterfly pattern corresponding to bandshift was
not observed in this case, as was to be expected given the
protective role of C&.

In the presence of 500M PMA with 1 uM ZnCl, (Figure
8C), a significant change was observed with respect to the
control sample (in the presence of EGTA), so although a
butterfly pattern was also observed, now it was positive rather
than negative. However, the significance of this correlation
was still the same. The maximum correlated the aggregated
B-sheet with the3-sheet (16171636 cnt?), although the
corresponding area in the synchronous spectrum (Figure 7C)
was now negative, so the decrease ingkgheet (change at
1636 cnl) occurred before its aggregation (change at 1617
cm™1). The resulting order of these changes was the same
as that in the control sample (in the presence of EGTA). It
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FiGure 7: Synchronous 2D-IR correlation spectra of the RKi@ D,O buffer as a function of temperature variation between 20 and 75
°C in the presence of 200M EGTA (A), 600 uM C&* (B), 500uM PMA with 1 uM ZnCl; (C), and the combination of 25M C&*,
500uM ATP, 500uM PMA, and 28.2 mM (20 mgnL—1) POPC/POPA (1:4 molar ratio) in the presence @M. ZnCl, (D). The correlation
spectra were obtained using the 2D-Pocha program. White and dark peaks are positive and negative correlations, respectively.

seems that the autopeak appearing at 1617'dm the DISCUSSION
synchronous spectrum of the EGTA sample (Figure 7A) was
|arger and covered a |arger area and hence affected the We have studied in this work the Secondary structure of
correlation located at 16371629 cnit in the asynchronous ~ PKCa, its denaturation properties, and the effect of some
contour map of the control sample (Figure 8A). However, important ligands on the structure and denaturation proper-
the asynchronous contour map obtained in the presence ofies. It should be emphasized that there is a very good
PMA (Figure 8C) showed that there was a significant agreement between the results obtained from the experiments
difference in the order of other changes, as can be deducectarried out at 20C in the presence of 0 (Table 1) and
from the correlation cross-peak located at 163658 cnml. those in the presence oD (Table 2), so the differences in
Since this peak is positive, thésheet (1636 crm) must  percentages ¢i-turns ang3-sheet components were always
change before the-helix (1658 cnm?), just the opposite of ~ not higher than 4% in all the samples studied. Differences
what happened with the EGTA sample. not higher than 4% were also detected when comparing the
Also the asynchronous contour map in the presence of 500percentages obtained by adding the components appearing
uM ATP with 1 uM ZnCl, was very similar to that of the  in H-O buffer at 1658 cm* (a-helix plus random) and 1644
control sample in the presence of EGTA (data not shown). cm™ (open loops) and on the other hand those obtained in
The asynchronous contour map obtained in the presenceD:0 buffer at 1657 cm* (a-helix) and at 1644 crrt (random
of the combination of 25@M Ca?*, 500uM ATP, 500uM plus open loops). This confirms the assignment of the 1644
PMA, and 28.2 mM PC/PA (molar ratio 1:4) with AM cm™! component to open loops in both,® and BO,
ZnCl, was very similar to that obtained in the presence of although in the last case it also includes unordered structures.
EGTA (Figure 8D). The only differences detected were in The same assignment of this component to the large loops
the region near 1700 crhdue to the presence of phospho- connecting thg-strands has been made previously by other
lipid, which absorbs over this frequency. authors 43—45).
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Ficure 8: Asynchronous 2D-IR correlation spectra of the RKi@ D,O buffer as a function of temperature variation between 20 and 75
°C in the presence of 200M EGTA (A), 600 uM C&* (B), 500uM PMA with 1 uM ZnCl; (C), and the combination of 25M C&*,
500uM ATP, 500uM PMA, and 28.2 mM (20 mgnL—1) POPC/POPA (1:4 molar ratio) in the presence @M. ZnCl, (D). The correlation
spectra were obtained using the 2D-Pocha program. White and dark peaks are positive and negative correlations, respectively.

A point of controversy when performing quantitative structure thus described is the first estimation of the whole
studies of the secondary structure of proteins by curve fitting structure of a purified PKC. Although some previous studies
of the amide | band is whether the different components will on the secondary structure of PKC have been carried out
have the same extinction coefficient(56, 57) or not G8). using circular dichroism24, 25), these studies were per-
Additional uncertainty comes from the fact that several works formed using PKC purified from tissues that were mixtures
have been published reporting different values for these of different isoenzymes. Therefore, the results obtained with
extinction coefficients§8—60). In this paper, we have used the cloned and purified PKd& that we used are not fully
a method that assumes the simplest possibility, that is, thatcomparable with previously published results. A summary
coefficients are not very different among them so that the of these results appear in Table 4, together with the results
error produced is not bigger than the intrinsic error of the reported in this work and obtained through FT-IR.
method due to a number of other factors. It should be We also include in Table 4 an estimation of the secondary
mentioned in support of this method that there is an structure of PKC obtained by means of an approximation
increasing number of proteins that have been analyzed usingusing known high-resolution structures of PKC domains such
it and the results obtained are in very good agreement withas the pseudosubstrateéd], C1 (11, 65), and C2 ¢, 15).
the structure reported for them using a high-resolution The 3D structure of the catalytic domain is not known, and
method like X-ray crystallography36, 55, 61—63). to estimate its structure, we used the information obtained

The Structure of PK& in the Presence of EGTAhe from the catalytic domain of a related kinase, PKZO)
high-resolution structure of PKd&Cis not yet known, so an  knowing the high sequence homology existing between both
estimation of its structure even at low resolution is useful. kinases {8). Adding all these fragments would give us a
To this end, we have used a technique very well suited to structure of 437 amino acid residues, meaning that a
calculate the secondary structures of proteins, Fourierrelatively large part (235 residues) remain unestimated,
transform infrared spectroscopy (FT-IR). The secondary although most of this would presumably correspond to loops
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Table 4: Comparison of PKE Structures Obtained by Different structures, the last being most probably due to interaction
Techniques with the phospholipids since the other ligands present in this

mixture do not have this effect when assayed separately.
At difference with the study in the presence of EGTA,
the synchronous spectrum in the presence of the combination

secondary structure percentages

random coil

and
o-helix B-sheetg-turns openloops unknown  Of ligands in the same conditions shows that the aggregated
CD= (ref 24) 36 57 7 0 p-sheet shows correlation not witkthelix but with 5-sheet.
CD (ref 25y 40 c c c This is in agreement with our FT-IR 1D analysis that suggests
FT-IR (this studyy 22 49 7 22 that the presence of the combination of ligands preserves
estimationadding 19 25 16 6 34 the a-helix, probably due to the presence of phospholipids.

known structures

of domains According to the estimation of the secondary structure given

in Table 4, most of the amino-acyl residuesielix belong

to the catalytic domain, which, it has been proposed, binds
to the membrane during PKC activatio®gy.

) The asynchronous spectrum in the presence éf Gas
and turns or random structures. According to these calcula-giso different from that in the presence of EGTA, and the
9 from C2 domain, and 102 from the catalytic region), the a-helix component, confirming our previous conclusion
amounting to 19% of the total PKC structure. There are also from the FT-IR 1D spectroscopic studies thatCsomehow
168 residues irB-sheet structure (39 from the C1 domain, protects theg-sheet. It should be pointed out that®Cas

72 from the C2 domain, and 57 from the catalytic region) known to bind to the C2 domain, the structure of which is
are 108 residues that adopt this secondary structure (35 fromg g+ protects this type of structure in the isolated C2 domain
the C1 domain, 49 from the C2 domain, and 24 from the of pKCo from thermal denaturatiorsg, 63). Therefore, it
catalytic region), amounting to 16% of the total PKC seems likely that the effect that we are observing in the whole
structure. Finally, the pseudosubstrate region includes 37gnzyme is due to the C2 domain.

residues in nonstructured configuration (6% of total PKC). |, symmary, we have obtained interesting data with respect
If we look at Table 4, it is striking that the percentage of  the secondary structure of PK@nd its thermal unfolding,
o-helix determined through circular dichroism is very high, jhtoducing a still new technique, 2D-IR spectroscopy, into
especially when compared with those obtained by infrared {he field and demonstrating its usefulness for dissecting

spectr_oscopy and from the estimations made using the k”OW”compIex interactions between proteins and ligands.
domain structure. Note that the unknown structure (34%),

obtained after the estimation from the high-resolution ACKNOWLEDGMENT
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