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We have used attenuated total internal reflection infrared spectroscopy (ATR-IR) spectroscopy to study the
association of the C2 domain from protein kinase Cα (PKCα) with different phospholipid membranes, so as to
characterise the mode of membrane docking and its modulation by the second-messenger lipid PIP2. In
parallel, we have also examined the membrane interaction of the C2 domain from cytosolic phospholipase A2.
PIP2 did not induce significant changes in secondary structure of the membrane-bound PKCα-C2 domain, nor
did binding of the PKCα-C2 domain change the dichroic ratios of the lipid chains, whereas the C2 domain from
phospholipase A2 did perturb the lipid chain orientation. Measurements of the dichroic ratios for the amide I
and amide II protein bands were combined so as to distinguish the tilt of the β-sheets from that of the β-
strands within the sheet. When associated with POPC/POPS membranes, the β-sandwich of the PKCα-C2
domain is inclined at an angle α=35° to the membrane normal, i.e., is oriented more nearly perpendicular
than parallel to the membrane. In the process of membrane docking, the tilt angle increases to α=44° in the
presence of PIP2, indicating that the β-sandwich comes closer to the membrane surface, so confirming the
importance of this lipid in determining docking of the C2 domain and consequent activation of PKCα.
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1. Introduction

Protein kinase C (PKC) composes a large family of phospholipid-
dependent serine/threonine kinases, which are activated by many
extracellular signals and play a critical role in several signalling
pathways within the cell [1–3]. PKC is involved in a multiplicity of
cellular functions and processes, from control of fundamental cell-
autonomous activities, such as proliferation, modulation of structural
membrane events, and regulation of transcription and cell growth, to
higher functions of the organism, such as learning and memory [4].
The mammalian isoenzymes have been grouped into three subfami-
lies according to their enzymatic properties: classical, novel and
atypical [4,5]. The first group comprises the classical isoenzymes
(cPKCs), including PKCα, PKCβI, PKCβII and PKCγ, which exhibit
conserved C1 and C2 regulatory domains. These isoenzymes are
regulated by diacylglycerol (DAG) and, cooperatively, also by Ca2+

and acidic phospholipids.
All C2 domains share a common overall fold: a single compact

Greek-key motif consisting of eight antiparallel β-strands assembled
in a β-sandwich with flexible loops on top and at the bottom of the
sandwich [3,6]. This C2-domain architecture displays two functional
motifs. The first is the Ca2+-binding region, which is located in the
flexible upper loops, binds two or three Ca2+ ions, depending on the
isoenzyme, and also interacts with phosphatidylserine (PS) [7–11].
The second site is located in a groove formed by strands β3 and β4.
This was found to be an additional binding site for anionic
phospholipids, when the three-dimensional structure of the domain
bound to soluble phospholipids was first determined [9,12] and also a
site where other molecules like retinoic acid may also bind [13].
Moreover, several studies based on crystallographic, biochemical, and
cell biology approaches have shown that this site exhibits a high
specificity for the second-messenger lipid PIP2 [14–20].

Extensive biochemical studies have been undertaken to assess the
role of both regulatory sites in the localization and activation of full-
length PKCα. Site-directed mutagenesis, performed for each motif,
has shed light on their differential lipid binding affinities. Substitution
of key Asp residues in the Ca2+-binding region by Asn leads to
complete loss of lipid binding and catalytic activity [11,21,22].
Different extents of inhibition were found when the residues
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responsible for direct interaction with PS were mutated, confirming
that these sites also contribute to anchor the domain to the mem-
brane, where the main role is played by Ca2+ that acts as a bridge
connecting the top of the C2 domain with the lipid surface [10,21].
Interestingly, mutants with the Ca2+/PS region disabled still retain
their ability to bind to PIP2-containing vesicles, although with slightly
lower affinity [9,14–17]. In contrast, mutations that knock-down the
β-groove do not affect the Ca2+/PS binding but completely abolish the
PIP2 interaction [9,14–17]. Together, these results indicate that Ca2+ is
always needed to dock the domain to the membrane and, while PS
targets the domain by interacting with the Ca2+-binding region, PIP2
targets the domain by interacting with the β-groove.

The existence of two distinct binding sites in the C2 domains of
cPKCs suggests that they may function in ways not described so far,
because these proteins could well be activated in a PS- and/or PIP2-
dependent manner. In order to verify the physiological importance of
these capacities of the C2 domain, a number of in vivo studies have
been carried out. Studies in different cell models show that the β-
groove is essential for membrane docking, independent of the level of
DAG generated by PIP2 hydrolysis [15–20]. In addition, several
approaches to increase the PIP2 concentration available at the plasma
membrane have shown enhanced retention of PKCα docked in this
area, increasing the half-maximal dissociation time [15,20,23].

Also of interest for understanding how PIP2 can contribute to
activation of cPKCs, is the observation that PIP2 decreases the Ca2+

requirement for membrane binding of the C2 domain [17–19]. This is
especially the case for PKCα, which exhibits the lowest Ca2+

requirement, followed by PKCγ and PKCβ [18,19]. Most importantly,
this also correlates with retention of each domain at the plasma
membrane of PC12 cells upon stimulation by ATP [19], indicating that
local concentrations of the target lipids PS and PIP2 on the inner leaflet
of the plasma membrane are sufficient to drive Ca2+-activated mem-
brane docking during physiological stimulation.

The 3D structure of the C2 domain of PKCα complexed with Ca2+,
PS and PIP2 clearly shows that PS interacts with the Ca2+-binding
region and that PIP2 interacts with the β-groove [18]. Notably, there is
a concentration of cationic and aromatic residues in the β-groove that
establishes direct interactions with the phosphate moieties of the
inositol ring [18]. In fact, substitution of the aromatic residues, to
abolish their interaction with phosphoinositide, severely impairs the
ability of PKCα to translocate from the cytosol to the plasma
membrane in PC12 cells stimulated with ATP [18]. More importantly,
enzyme function is not recovered by addition of excess Ca2+ and DAG,
suggesting that interaction of the C2 domain with the plasma
membrane is a key event in localizing the enzyme to its proper
compartment, through interaction with the target lipids.

Docking of the C2 domain on membranes is, therefore, crucial to
the way in which the two binding motifs interact with their target
lipids. Previously, studies on PKCα-C2 and other C2 domains have
been carried out by using site-directed spin-label EPR, in conjunction
with relaxation enhancement agents that preferentially localise either
to the aqueous phase or to themembrane [24–26]. For PKCα-C2 it was
concluded that the domain docked in a nearly parallel orientation
with respect to the plasma membrane surface, consistent with the X-
ray crystal structure determined in the presence of water-soluble
anionic lipids [8,9,24]. Very recently, however, this conclusion has
been questioned, based on measurements of X-ray reflectivity for the
PKCα-C2 domain bound to lipid monolayers [27].

Both site-directed EPR with relaxation agents and X-ray reflectiv-
ity are essentially depth-dependent, not angular, measurements.
Thus, it seems desirable to investigate the membrane docking of C2
domains by using a method that is directly sensitive to angular
orientation. Measurement of infrared dichroism on aligned samples
(see, e.g., ref. [28]) is one such approach. In the form of attenuated
total internal reflection infrared spectroscopy (ATR-IR), this technique
has been successfully applied to study α-helical proteins (see, e.g.,
refs. [29–33]), and also β-sheet and β-barrel proteins (see, e.g., refs.
[34–42]), but so far no studies have been carried out on β-sandwich
structures such as C2 domains.

In the present work, we use polarized ATR-IR as a new procedure to
study the molecular docking of C2 domains from PKCα to POPC
membranes that contain the anionic target lipids POPS or POPA.
Particular emphasis is put on studying the influence of PIP2 on the
docking orientation. To achieve this, a previous treatment of IR-
dichroism for isolated β-sheets [36] is extended to include β-sandwich
structures. In this way, both the inclination of the β-sandwich to the
membrane and the tilt of the β-strands within the β-sheets can be
determined. In order to compare with a further C2 domain for which
docking studies have been undertaken with site-directed EPR [26], we
also apply the method to study the binding of the C2 domain from
cytosolic phospholipase A2 (cPLA2-C2) to POPC/POPS membranes.

2. Materials and methods

2.1. Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-(phospho-L-serine) (POPS), 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphate (POPA) and L-α-phosphatidylinosi-
tol-4,5-bisphosphate (PIP2) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). Deuteriumoxide (99.9%D2O)was purchased from
Aldrich (Madrid, Spain). All other reagents and solvents were
commercial samples of the highest purity. The PKCα-C2 domain and
the cPLA2-C2 domain were expressed and purified as described by
Torrecillas et al. [43] and Nalefski et al. [44], respectively.

2.2. Sample preparation for ATR-IR measurements

Solutions of 2 μmol of POPC/POPS (75:25 molar ratio), POPC/POPA
(75:25 molar ratio), POPC/POPS/PIP2 (70:25:5 molar ratio) and POPC/
POPA/PIP2 (70:25:5 molar ratio) lipid mixtures were used to prepare
multilamellar liposomes (MLVs). The lipids dissolved in chloroform
were dried with N2 flow [45]. Last traces of solvent were removed by a
further 2 h under high vacuum. MLVs were generated by hydrating
with buffer containing 20 mM Hepes, 100 mM KCl pH 7.5 and
vortexing vigorously. Then CaCl2 was added to a final concentration
of 1 mM, and PKCα-C2 domain or cPLA2-C2 domain was added to
obtain a final protein concentration of 0.06 μM. Samples were
incubated for 20 min at 25 °C, and then unbound protein in the
supernatant was removed by centrifugation. Oriented thick multilay-
er films were obtained by applying the protein-bound lipid disper-
sions directly onto a germaniumATR plate, followed by drying under a
stream of oxygen-free N2 gas. Protein-free bilayer preparations of
POPC/POPS or POPC/POPS/PIP2 were subject to an identical treatment.
In order to render the germanium plate hydrophilic, it was previously
washed with alkaline detergent, rinsed with deionized water and
finally washed with methanol and chloroform. The membrane-
bearing ATR-plate was placed in the liquid sample holder and spectra
of the dry sample were recorded. Then the liquid sample holder was
connected to an air stream (saturated with D2O) and the sample was
hydrated for at least 2 h. Spectra of the hydrated sample were then
recorded. The spectra of both dry and hydrated samples were
collected at 25 °C, with the incident radiation polarized parallel and
perpendicular relative to the plane of incidence.

2.3. ATR-IR spectroscopy

ATR spectra were recorded on a Bruker Vector 22 Fourier-
transform infrared spectrometer equipped with a liquid-nitrogen-
cooled MCT detector and using a germanium ATR plate (Specac,
Orpington, U.K.) (52 mm×20 mm×2 mm) with an aperture angle of
45° as internal reflection element. Spectra were recordedwith parallel
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and perpendicular polarization of the incident beam by using a ZnSe
polarizer (Specac, Orpington, U.K.) at room temperature. According to
the specifications of the manufacturer, the degree of polarization in
the relevant region of the mid-IR is 99% and therefore likely to
contribute negligibly to the uncertainty in dichroic ratio. Resettability
of the polarizer angle (around±1° at most) is included in the random
error and unlikely to be a significant contributor.

A total of 128 scans were averaged for each spectrum with a
nominal resolution of 4 cm−1. At least 24 h before and during data
acquisition, the spectrometer was purged continuously with dry air.
Remaining interference fromwater vapour absorptionwas eliminated
by subtracting a separately measured water vapour spectrum from
the original spectra. Finally, spectra were smoothed with a 9-point
Savitsky–Golay filter to remove further noise from residual water
vapour. Before every experiment, background single-beam spectra
were collected with the clean ATR crystal alone. Then, the samples
were oriented on the germanium plate, as described above, and ATR-
absorbance spectra of the dry and hydrated sample were collected, in
conjunction with the previously recorded background spectra.
Because POPS absorbs in the amide I region, spectra of the POPS-
containing lipidmixtureswere recorded in the absence of protein, and
these were subtracted from the spectra of samples containing bound
protein. Note that, when POPA (which has no background signal in the
amide I region) is used as a surrogate negatively charged lipid in place
of POPS, the results obtained are qualitatively similar to those
deduced for POPS after background subtraction.

Polarized ATR spectra of the hydrated samples were used to
calculate the secondary structure composition of the PKCα-C2
domain. Spectra were processed using Opus-NT 2.0 software from
Bruker. Band decomposition and estimation of the secondary
structure composition were performed as described [46], by using
the peak-picking module based on smoothed second-derivative
spectra that is included in OriginPro 7.5 software (OriginLab Corp.,
Northampton, MA), followed by two-stage curve fitting with Gaussian
peaks. In the first stage, peak positions were fixed and intensities and
widths were optimised; in the second stage, the positions were also
released to produce fine-tuning in the final optimisation. The
nonlinear least-squares optimisation routine used for fitting the
bandshapes in OriginPro 7.5 is based on the Levenberg–Marquardt
algorithm. Dichroic ratios were determined from the integrated areas
of the polarized spectra. Specifically, areas assigned to the principal β-
sheet absorptions of the amide I and amide II bands were used to
obtain RI (amide I) and RII (amide II), those of the CH2 symmetric and
antisymmetric stretching bands to obtain RCH2

(2850) and RCH2
(2920),

respectively, and that of the lipid carbonyl band to approximate RISO.
Identical input band-fitting components were used for both parallel
and perpendicular polarizations. Mean values and standard deviations
were calculated from triplicate experiments under the same condi-
tions and with the same parameter settings. The ratios of the
components of the electric field intensities of the evanescent infrared
wave used for interpretation of dichroic ratios and estimation of
secondary structure content are: Ex

2/Ey2=0.853 (0.877) and Ez
2/

Ey
2=1.147 (0.828), for a 45°-cut germanium ATR plate in the thick

(thin) film approximation (see, e.g., ref. [28]).
Note that, in order to minimize random errors in comparing the

effects of different lipids — especially PIP2, a standardized protocol
was used throughout for sample preparation and handling, and for
spectral data collection and fitting.

3. Results

3.1. Secondary structure

Fig. 1 shows the amide I region from the ATR-IR absorbance
spectra (top) and second derivative spectra (bottom) of the PKCα-C2
domain in the presence of hydrated POPC/POPS (panel A) and POPC/
POPS/PIP2 (panel B) membranes. These spectra are quite similar to
those obtained from previous FTIR analyses [22,43]. This indicates that
the secondary structure was not affected by the procedures used to
align the membranes on the surface of the ATR crystal. The apparent
positions registered by the second-derivative spectra are shifted from
the true positions that are fitted to the original absorption spectra,
because of overlap between the component bands. The second-
derivative positions were used as initial estimates in the band fitting,
and these were subsequently refined in the fitting process (which
allows for the effects of overlap). As far as possible, consistent band-
fitting components were used throughout and across the different
analyses, also for determining the dichroic ratios (see below). To
exclude the possibility of any irreversible effects on the protein during
drying the sample on the ATR surface, the protein was re-dissolved in
buffer after drying and its functionality was assayed by monitoring
binding affinity to phospholipid vesicles at different lipid concentra-
tions, as described previously [47]. Results (not shown) were
identical, to within experimental error, with those for protein that
had not been subject to this drying procedure.

The bands obtained after fitting the absorption spectrum can be
attributed to the following secondary structural elements, which
are based on consensus data established for proteins hydrated in D2O
[48]: β-sheet (1634 cm−1),α-helix (1649 cm−1),β-turns (1661 cm−1),
unordered structures and/or loops (1643 cm−1). Thebandat 1679 cm−1

can be assigned to antiparallel β-sheet, while the 1690 cm−1 band is of
less certain origin because both β-turns and aggregated β-sheet can
contribute in this spectral region [49]. The bands below 1620 cm−1 are
due to amino acid side chain absorptions [50]. Comparison of the PKCα-
C2 domain spectrum in the absence of PIP2 with that in its presence does
not show significant changes; only tiny changes are detected in the
difference spectrum, demonstrating no – or very small – differences in
secondary structure. Also when POPAwas used instead of POPS, analysis
of the ATR-IR spectra did not show important changes in secondary
structure of the PKCα-C2 domain, both in the presence and absence of
PIP2 (spectra not shown).

In order to estimate the secondary structure content for oriented
samples, a combination of band fittings from parallel and perpendic-
ular polarized spectra must be performed [46]. Fig. 2 shows, as an
example, curve fitting of the amide I band of the PKCα-C2 domain in
the absence (top panels) and presence (bottom panels) of PIP2 in the
lipid membrane. The band areas from parallel (A//) and perpendicular
(A⊥) polarized radiations are combined according to the following
equation:

A = A== + G × A⊥ ð1Þ

where G≡2 E2z
E2y
− E2x

E2y
= 1:441, for the thick film approximation and a

45°-cut Ge ATR crystal [46]. The secondary structure contents that are
derived in this way for the PKCα-C2 domain associated with different
lipid membranes are given in Table 1. Note that the standard
deviations given in Table 1 include contributions to the measured
random error from the uncertainties in band fitting.

When POPS was used as the anionic lipid component in the
membrane, the additional presence of PIP2 did not affect the
secondary structure of the PKCα-C2 domain (Table 1). Most of the
small differences observed can be attributed to measurement and
fitting errors. Both sets of spectra show β-sheet as the major
component: it represents about 50% of the total band area. The
bands from α-helix, and the unordered structures and/or loops
contribute 11% and 10% respectively, while the band assigned to β-
turns constitutes about 20% of the total intensity. Finally, the bands at
1676 cm−1 and 1690 cm−1 represent 6% and 2% contributions,
respectively. Very similar results were obtained when POPS was
replaced by POPA as the anionic target lipid. As shown in Table 1, the
only changes are a small decrease in the β-sheet band area and
concomitant increase in the β-turn band area, in the presence of PIP2,



Fig. 1. Amide I region in the absorption (top) and second-derivative (bottom) ATR-IR spectra of the PKCα-C2 domain associated with POPC membranes containing 25 mol% POPS,
without (A) and with (B) 5 mol% PIP2.
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although this is within the uncertainty range. Correspondingly, band
fitting of polarized ATR-IR spectra from the cPLA2-C2 domain in the
presence of POPC/POPSmembranes was also performed. In this case, a
further band is present close to 1626 cm−1 that can be assigned to β-
strands which are particularly exposed to solvent [51]. Nonetheless,
the predominant component of the secondary structure is, as
expected [52], the β-strands which represent about 50% of the total,
whereas the contribution from α-helix is only about 5%. The
secondary structural content of the cPLA2-C2 domain associated
with POPC/POPS membranes is summarized also in Table 1.

3.2. Lipid chain orientation

Fig. 3 (left side) shows theCH2-stretch region in thepolarizedATR-IR
spectra and dichroic difference spectra from dry samples of POPC/POPS,
with and without PIP2, in the presence of the PKCα-C2 domain. The
bands close to 2920 cm−1 (antisymmetric CH2 stretching band) and
Fig. 2. Amide I absorbance band contours (symbols), together with the best fitting Gaussian
POPC membranes containing 25 mol% POPS, with (bottom) and without (top) 5 mol% P
perpendicular (left) polarized radiation.
2850 cm−1 (symmetric CH2 stretching band) were used to assess the
lipid acyl chain ordering. A positive or a negative peak in the dichroic
difference spectra indicates a preferential orientation of the transition
moment relative to the ATR plate, whereas a flat baseline results in the
absence of any preferential orientation [53]. The transitionmoments for
methylene stretch vibrations lie in the plane of the C–H bonds, which is
perpendicular to the lipid chain axis. Therefore, a negative dichroism
implies a chain orientation preferentially parallel to the normal to the
ATR plate. In the case of POPC/POPS, the difference dichroic spectra
show negative deviations at the wave numbers corresponding to the
CH2 stretching bands, indicating ordering relative to the membrane
normal. A chain order parameter can be determined from the
corresponding dichroic ratios, RCH2

(see, e.g., refs. [30,31]):

〈P2 cosθchð Þ〉 =
2 E2z = E

2
y + E2x = E

2
y−RCH2

� �

2E2z = E
2
y−E2x = E

2
y + RCH2

ð2Þ
individual components (lines), for hydrated samples of PKCα-C2 domain docked with
IP2. Band fitting is performed for ATR-IR spectra recorded with parallel (right) and

image of Fig.�2


Table 1
Secondary structure content of PKCα-C2 and cPLA2 domains bound to POPC membranes containing 25 mol% POPS or POPA, with and without 5 mol% PIP2.

PKCα-C2 POPC/POPS PKCα-C2 POPC/POPS/PIP2 PKCα-C2 POPC/POPA PKCα-C2 POPC/POPA/PIP2 cPLA2-C2 POPC/POPS

Centre (cm−1) Fitting (%) Centre (cm−1) Fitting (%) Centre (cm−1) Fitting (%) Centre (cm−1) Fitting (%) Centre (cm−1) Fitting (%)

1626 15.9±2.4
1638 50.0±6.6 1637 50.4±1.7 1639 49.8±3.5 1637 45.6±3.7 1637 33.7±2.2
1649 10.6±0.6 1648 10.5±5.2 1649 9.6±2.5 1648 9.9±4.7 1648 13.2±3.7
1655 10.5±2.8 1655 11.5±1.6 1655 12.3±2.3 1654 12.0±2.7 1655 5.2±1.8
1664 20.0±4.8 1664 19.0±4.3 1663 20.4±2.4 1663 21.9±6.7 1664 15.9±3.2
1676 6.3±2.4 1676 6.2±2.8 1677 7.2±2.3 1676 7.8±3.8 1676 12.9±2.5
1688 2.6±1.3 1688 2.4±0.3 1689 0.7±0.9 1691 2.8±2.8 1687 3.3±1.3

Mean values and standard deviations (±sd) were calculated from triplicate experiments.
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where angular brackets indicate an ensemble average. Alternatively,
the chain order can be expressed by an effective net tilt of the chains,
θeff, which is derived from the order parameter: 〈P2(cosθch)〉=
½(3cos2θeff−1), by assuming a singular distribution. For unhydrated
POPC/POPS membranes it is calculated that the lipid chains make an
effective angle of θeff=30±3° with the ATR plate normal, corre-
sponding to an order parameter of 〈P2(cosθch)〉=0.62±0.06, indi-
cating that the POPC/POPS membrane is well ordered. Further, the
presence of PIP2 does not affect the chain order appreciably (the order
parameter is 0.61±0.07 corresponding to an effective tilt of 31±3°).
Somewhat lower chain order is obtained when POPS is replaced by
POPA: 〈P2(cosθch)〉=0.50±0.05 and θeff=35±2° in the absence
of PIP2, but this does not change significantly in the presence of PIP2:
〈P2(cosθch)〉=0.53±0.08 and θeff=34±3°. Little change in lipid chain
Fig. 3. CH2-stretch region in the ATR-IR spectra from dry (left) and hydrated (right) sam
70:25:5 mol/mol/mol POPC/POPS/PIP2 (bottom) membranes, for parallel (//, upper spectr
spectra (A// − RisoA⊥, lower spectra) are obtained by subtracting the perpendicular-polarize
polarized spectra by the dichroic ratio, Riso, appropriate to an isotropic sample distribution. R
to correspond to orientation at the magic angle [67]. The spectra are shown in the 3000–27
ordering is observed on interaction with the C2 domain from PKCα, but
a change in chain order occurs when the cPLA2-C2 domain associates
with lipid membranes (see Table 2). In the latter case, the acyl chain
order of POPC/POPSmembranes increases to 〈P2(cosθch)〉=0.73±0.05,
corresponding to an effective angle of θeff=25±3° with the normal to
the ATR plate. When the samples are hydrated, it is observed that the
membranes remain ordered with effective chain tilts around 34°. All
dichroic ratios, order parameters and effective tilt angles of the lipid
chains are reported in Table 2.

3.3. Orientation of C2 domains docked to membranes

Fig. 4 shows the amide and carbonyl regions of the ATR-IR spectra
with parallel and perpendicular polarizations of the incident radiation,
ples of the PKCα-C2 domain in the presence of 75:25 mol/mol POPC/POPS (top) and
a) and perpendicular (⊥, middle spectra) polarized radiation. The dichroic difference
d spectra from the parallel-polarized spectra, after multiplication of the perpendicular-
iso is approximated by the dichroic ratio of the lipid carbonyl band (see Fig. 4), assumed
50 cm−1 region and are shifted vertically but have the same vertical scale.

image of Fig.�3


Table 2
Dichroic ratio (RCH2

), order parameter (〈P2(cosθch)〉) and effective tilt angle (θeff) of lipid chains in aligned membranes of POPC containing 25 mol% POPS or POPA, with and without
5 mol% PIP2, in the presence of PKCα- or cPLA2-C2 domain.

Dichroic ratio, order parameter
and effective tilt

PKCα-C2 POPC/POPS PKCα-C2 POPC/POPS/PIP2 PKCα-C2 POPC/POPA PKCα-C2 POPC/POPA/PIP2 cPLA2-C2 POPC/POPS

Dry Hydrated Dry Hydrated Dry Hydrated Dry Hydrated Dry Hydrated

RCH2
1.40±0.04 1.50±0.05 1.40±0.05 1.46±0.05 1.49±0.04 1.47±0.01 1.46±0.06 1.46±0.05 1.32±0.04 1.42±0.06

〈P2(cosθch)〉 0.62±0.06 0.49±0.06 0.61±0.07 0.54±0.06 0.50±0.05 0.53±0.01 0.53±0.08 0.53±0.06 0.73±0.05 0.59±0.08
θeff (°) 30±3 36±3 31±3 34±3 35±2 34±1 34±3 34±3 25±3 31±3

Mean values and standard deviations (±sd) were calculated from triplicate experiments and deduced from the dichroism of both the CH2 antisymmetric (2920 cm−1) and
symmetric (2850 cm−1) stretching bands.
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and the corresponding dichroic spectra, for the PKCα-C2 domain bound
toPOPC/POPSmembranes,with andwithout PIP2. Both the amide I band
centred at around 1650 cm−1 and the amide II band centred at around
1540 cm−1 are visible for the samples dried from H2O. For samples
hydrated inD2O, however, the amide II band of thedeuterated protein is
shifted to lowerwavenumbers, into regionsof spectral overlap.Dichroic
ratios of theamide I andamide II bands for dry samples, andof theamide
I band for hydrated samples, are given in the upper rows of Table 3. Data
are presented for the PKCα-C2domainbound tomembranesof different
lipid compositions, and also for the cPLA2-C2 domain bound to POPC/
POPS membranes.

The IR-dichroism of membrane-bound β-sheets and β-barrels has
been treated previously [36–38]. The orientation of a flat (i.e., non-
twisted) β-sheet that is bound to a membrane can be specified by the
angle α that the β-sheet makes with the membrane normal, Z, and by
Fig. 4. Amide and carbonyl regions in the ATR-IR spectra from dry (left) and hydrated (righ
70:25:5 mol/mol/mol POPC/POPS/PIP2 (bottom) membranes, for parallel (//, upper spectr
spectra (A// − RisoA⊥, lower spectra) are obtained by subtracting the perpendicular-polarize
polarized spectra by the dichroic ratio, Riso, appropriate to an isotropic sample distribution.
The spectra are shown in the 1900–1500 cm−1 region and are shifted vertically but have t
the angle β by which the β-strands, c, are tilted within the sheet [36].
Dichroismmeasurements on the single β-sheet of a small membrane-
bound αβ-protein have validated this approach, in that the relative
orientations of the β-sheet and α-helices are consistent with the 3-D
structure of the protein [40]. Measurement of two dichroic ratios
(those of the amide I and amide II bands) is necessary, which requires
data for samples dried from H2O and also hydrated in D2O, as in Fig. 4
and Table 3 (see, e.g., refs. [41,42]).

The β-sheet model can be used for a flat β-sandwich, if the angle
between the strands in the two sheets is small. Justification for this
approximation is given in Appendix A, which presents a detailed
analysis for β-sandwiches. The symmetry axis of the β-sandwich is
the bisector of the angle between strands in the two sheets, and this is
inclined by the angle β to the direction z′ in which the β-sandwich is
tilted (see Fig. 5). The z′-axis is distributed with axial symmetry about
t) samples of PKCα-C2 domain in the presence of 75:25 mol/mol POPC/POPS (top) and
a) and perpendicular (⊥, middle spectra) polarized radiation. The dichroic difference
d spectra from the parallel-polarized spectra, after multiplication of the perpendicular-
Riso is approximated by the dichroic ratio of the lipid carbonyl band at 1740 cm−1 [66].
he same vertical scale.
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Table 3
Dichroic ratios of the principal β-sheet bands in the amide I and amide II bands of the PKCα C2 domain bound to POPC membranes containing 25 mol% POPS or POPA, with and
without 5 mol% PIP2, and of the cPLA2 domain bound to POPC/POPS (3:1 mol/mol) membranes.

Dichroic ratios (R)
and tilts (α, β)

PKCα-C2 POPC/POPS PKCα-C2 POPC/
POPS/PIP2

PKCα-C2 POPC/POPA PKCα-C2 POPC/
POPA (65:35)

PKCα-C2 POPC/
POPA/PIP2

cPLA2-C2 POPC/POPS

Dry Hydrated Dry Hydrated Dry Hydrated Dry Hydrated Dry Hydrated Dry Hydrated

RI (main β-sheet band, amide I) 1.780 1.775 1.788 1.583 1.727 1.968 1.676 1.862 1.811 1.589 1.548 1.645
RII (main β-sheet band, amide II) 2.270 1.937 1.672 2.023 1.655 2.426
bcos2βN 0.58±0.05 0.54±0.05 0.49±0.01 0.572 0.46±0.02 0.66±0.01
Angle β (°) 40±3 43±3 46±1 41 47±1 36±1
bcos2αN 0.67±0.05 0.51±0.01 0.64±0.05 0.708 0.45±0.02 0.70±0.05
Angle α (°) 35±3 44±1 37±3 33 48±1 33±3

Hydrated data are given for the sample dried down from H2O buffer, and then hydrated with a stream of moist (D2O) air.
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the membrane normal. The ATR dichroic ratio of the major amide II
band of an antiparallel β-sheet, which has the transition moment
oriented parallel to the β-strand axis, is then given by [36]:

RII =
E2x
E2y

+
2〈 cos

2α〉〈cos
2
β〉

1−〈cos2α〉〈cos
2β〉

E2z
E2y

ð3Þ

and that of the major amide I band, which has the transition moment
oriented perpendicular to the β-strand axis, is given by [36]:

RI =
E2x
E2y

+
2〈cos

2α〉〈 sin
2
β〉

1−〈cos2α〉〈 sin
2β〉

E2z
E2y

ð4Þ

where the angular brackets indicate an average over the corresponding
orientational distributions. Those in α and in β are uncorrelated.

From the dichroic ratios of the amide I and amide II bands for the
dry samples that are given in Table 3, Eqs. (3) and (4) can be
combined to obtain the orientations both of the β-strands (i.e.,
〈cos2β〉), and of the β-sandwich (i.e., 〈cos2α〉), separately. For a dry
sample of the PKCα-C2 domain bound to POPC/POPS membranes, the
orientationof theβ-strands is: 〈cos2β〉=0.58, and that of theβ-sandwich
is: 〈cos2α〉 = 0.67. These values are obtained with the thick-film
approximation; an essentially identical value of 〈cos2β〉 is obtained
with the thin-film approximation. For the sample hydrated in D2O,
Fig. 5. Orientation of the β-strand axes, c, and of the β-sheets in amembrane-associated
β-sandwich. The β-sheets are tilted at an angleα to the membrane normal, Z. The mean
direction of the β-strands is tilted by an angle β in the plane of the sheets. The angle γ of
c to Z is given by Eq. (5), and the azimuthal orientation ϑ of the plane of the sheet about
the c-axis is given by Eq. (6), where ϑ=0 is the Z,z′-plane. The β-sandwiches (i.e., z′-
axes) are distributed with axial symmetry about the membrane normal, Z [36].
only the dichroic ratio of the amide I band can bemeasured. However,
it is reasonable to assume that the orientation, 〈cos2β〉 = 0.58, of the
β-strandswithin the sheets does not change appreciably on hydration
[34,39]. It is then possible to use Eq. (4), together with the
corresponding value of 〈sin2β〉=1− 〈cos2β〉=0.42, to determine
the tilt of the β-sandwich. From the dichroic ratio for the hydrated
sample of the PKCα-C2 domain bound to POPC/POPS membranes
(Table 3), one then obtains: 〈cos2α〉 = 0.67 by using the thick-film
approximation (which should be appropriate to the amount of
material used for the sample). This corresponds to an effective tilt
of α≈35°, relative to themembrane normal, assuming a single, unique
orientation. (Using the thin-film approximation yields 〈cos2α〉=0.66,
corresponding to an effective value of α≈36°.)

The lower rows of Table 3 give the results of the above type of
docking analysis applied to the PKCα-C2 domain bound to mem-
branes of different lipid compositions, and to the cPLA2-C2 domain
bound to POPC/POPS membranes. Changing the membrane lipid
composition does not greatly affect the tilt β of the strands within the
β-sheet of the PKCα-C2 domain. In particular, the presence of PIP2 in
the lipid mixtures does not induce any change in the angle β. More
interesting is the effect of PIP2 on the orientation, α, of the PKCα-C2
domain with respect to the membrane normal. As seen above, the
value of 〈cos2α〉 for the POPC/POPS membrane is about 0.67, which,
together with the tilt angle β, corresponds to a docking angle of
α=35±3°. These results do not change greatly with POPA in place of
POPS, for which 〈cos2α〉=0.64 and α=37±3°. However, when PIP2
is present the values of 〈cos2α〉 decrease, corresponding to increases
of 9° and 11° in the docking angle α for POPC/POPS and POPC/POPA
membranes, respectively (see Table 3). This means that, while POPA
induces little change in docking angle, the presence of PIP2 causes the
PKCα-C2 domain to tilt closer to the membrane surface, irrespective
of whether the anionic lipid component is POPA or POPS.

A membrane docking study was also performed with the cPLA2-C2
domain, in order to compare with the PKCα-C2 domain, and also to
compare results from the ATR-dichroism method with previous
docking data obtained using site-directed spin-labelling [26]. Com-
parable values for the tilt of the β-strands within the sheet and the tilt
of the β-sheets with respect to the membrane normal are obtained for
C2 domains from both PKCα and cPLA2. Comparison with spin-label
EPR results is given later.

In order to check that the effect of PIP2 on the orientation of the C2
domain is not due just to an increase in the negative charge of the
membrane surface, we also used a membrane containing POPC/POPA
at 65:35 molar ratio, i.e., containing an additional 10 mol% of POPA.
Table 3 shows that the β angle was 41° and the α angle 33°, which is
relatively close to the results obtained for a POPC/POPA molar ratio of
75:25 and rather different from those found when PIP2 was present.

In summary, for PKCα-C2 domains and cPLA2-C2 domains docked
to membranes not containing PIP2, the plane of the β-sandwich is
tilted by effectively α=34±3° from the membrane normal in
hydrated samples, and the mean direction of the β-strands is inclined

image of Fig.�5


Table 4
Orientation of β-sheets and β-strands in C2 domains docked to membranes.a

Protein α (°) β (°) Ref.

PKCα 35±3 40±3 This work
25±6b 76±8b [24,26]
30±15 20±20 [27]

cPLA2 33±3 36±1 This work
28±6 46±7 [26]

SytIA 0±5 71±5 [68,26]

a For definition of α and β, see Fig. 5. Values obtained in this work from IR-dichroism
are compared with calculations from docking studies with site-directed spin-labelling
that are reported in refs. [26,58,57], and with X-ray reflectivity in ref. [27], by using
Eqs. (5) and (6).

b The EPR results for PKCα-C2 are from a smaller dataset which yields a larger strand
tilt (γ=77° [24]) than that obtained with a more extensive dataset [57,58] for which
the azimuthal orientation is not available.
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by an angle β=40±3° to the direction of tilt (36±1° for cPLA2-C2)
(cf. Fig. 5). Note that the crystal structure of the PKCα-C2 domain
reveals that the β-strands deviate from their mean direction within
the sheet by only ±15° (PDB: 1dsy, [8]), which justifies approximat-
ing the β-sandwich by a single β-sheet. Explicit calculations, which
treat the two sheets separately [46], also support this approximation
(see Appendix A).

4. Discussion

The present study utilizes ATR-IR spectroscopy to evaluate the
effect of PIP2 on the secondary structure of the PKCα-C2 domain and
on docking of the PKCα-C2 domain to lipid membranes. It has been
demonstrated extensively that PIP2 interacts with the C2 domains of
classical PKCs [14–17,19] and, more recently, the crystal structure of
the PKCα-C2 domain in complex with Ca2+, PS and PIP2 has been
solved [18]. Nevertheless, the geometry of the domain bound to the
membrane, and how the presence of PIP2 affects the docking angle
and also the strand tilt within the two sheets, is still not well studied
nor understood.

4.1. Secondary structure

Results for the PKCα-C2 domain reveal that binding to different
lipid membranes (such as POPC/POPA and POPC/POPS), either
containing or lacking PIP2, does not affect the secondary structure,
even relative to that in the absence of lipid [54]. This means that when
the polybasic cluster of the C2 domain is bound to the membrane by
interacting with PIP2, or when POPS is replaced by POPA, the
secondary structure remains the same. Only the presence of POPA
and PIP2 together may produce some small change, with a decrease in
β-sheet population and an increase of β-turns. It was observed
previously that the β-sheet content decreases in the presence of
negatively charged liposomes composed of POPA alone [22], or a
POPC/POPA 20:80 mol/mol mixture [43].

For comparison with the data in Table 1, the secondary structural
content deduced from the 3D crystal structure of the PKCα-C2 domain
with bound PS and Ca2+ (PDB: 1dsy, [8]) is: 46.0% β-strands, 23.4% β-
turns, 9.5% helix and 21.2% unassigned, as reported by PROMOTIF v.3.0
[55]. That for the crystal structure with bound PS, Ca2+and PIP2 (PDB:
3gpe, [18]) is: 46.0% β-strands, 22.6% β-turns, 10.2% helix and 21.2%
unassigned. The mean values for hydrated membrane-bound samples
deduced from ATR spectroscopy are: 55.8±1.6% β-strands, 22.2±
1.2% β-turns, 11.6±0.8% α-helix and 10.2±0.5% unordered. These
values are in reasonable accord, when it is allowed that part of the
extended chain/β-strand population contributing to the amide I band
might remain unassigned in the X-ray structure.

For the NMR solution structure of the cPLA2-C2 domain (PDB
code: 1bci [52]), PROMOTIF reports 46.3% β-strands, 25.2% β-turns,
2.4% α-helix and 26.0% unassigned, whereas the PDB header
reports 61.7% β-strands (part of which is included by PROMOTIF
under β-turns) and 4.1% α-helix. For the crystal structure of the cPLA2-
C2 domain (PDB code: 1rlw [56]), PROMOTIF reports 50.8% β-strands,
24.6% β-turns, 7.1% helix and 17.5% unassigned, and the PDB header
reports 46.8% β-strands and 7.1% helix. The values for hydrated
membrane-bound cPLA2-C2 domain deduced from ATR spectroscopy
are: 47% β-strands, 19% β-turns, 5% α-helix and 13% unordered, plus
16% corresponding to the β-edge band at 1626 cm−1 (see Table 1). To
within the uncertainties in the estimates from the NMR structure and
attribution of the β-edge band, the two sets of spectroscopic measure-
ments on the hydrated protein are in reasonable accord.

4.2. ATR-dichroism to study docking of C2 domains

ATR-IR spectroscopy has been used widely for studies of phospho-
lipid membranes and molecules interacting with lipid bilayers. At
present, use of ATR-IR to study the orientation or docking of peptides or
proteins in membranes has been confinedmostly toα-helix, β-sheet or
β-barrel structures (see, e.g., refs. [28,30,31,36–42]). In the present
study, a β-sheet model is applied to the C2 domain β-sandwich by
considering two sheetsparallel to oneother. This extendedmodel that is
given in Appendix A can be applied tomanyβ-sandwich structureswith
a good degree of approximation, because it takes into account not only
the inclination, α, of the β-sheets to the membrane normal and the tilt,
β, of the β-strands within the sheet, but also the angle, 2ε, between the
strands in the two sheets of the β-sandwich. Possibly, a more
complicated analysis may be required for sandwiches where the two
sheets are not parallel, but this is not the case for the C2domain of PKCα
[8].

Docking studies with site-directed spin-labelling have been used
previously to determine the orientation of PKCα-C2 and two other C2
domains when bound to lipid membranes [24–26]. Very recently, also
X-ray reflectivity has been used to investigate docking of the PKCα-C2
domain onmonolayers containing anionic lipids [27]. In these studies,
the domain orientation was characterised by the net tilt, γ, of the β-
strands from the bilayer normal and the azimuthal orientation, ϑ, of
the sheets about the strand axis, c (see Fig. 5). In terms of the anglesα
and β that are used to characterise the IR-dichroism, the strand tilt is
given by [36]:

cosγ = cosα cosβ ð5Þ

which yields a value of γ≈51±4° from the IR data for the PKCα-C2
domain. This can be compared with tilts of γ=68±7° and 35±10°
that are obtained from the docking studies with site-directed spin
labels [57,58] and with X-ray reflectivity measurements on mono-
layers [27], respectively. The strand tilt deduced from IR-dichroism,
which measures angular orientation directly, lies between the two
extremes. The second angular parameter, the azimuthal orientation,
ϑ, of the sheets about the strand axis, c, is given by [36]:

cosϑ = tanβ= tanγ: ð6Þ

This azimuthal angle ϑ is referred to the normal to the β-sheet and
is the complement of the angle ϕ that is used by Malmberg et al. [26]
to specify the sheet orientation, i.e., ϕ=90°−ϑ (see Fig. 5). (The
azimuthal angle used by Chen et al. [27] in analysing X-ray reflectivity
is reported as 360°−ϕ.)

Table 4 compares the present results from IR-dichroismwith those
from site-directed spin-labelling and X-ray reflectivity by transform-
ing data from the latter with Eqs. (5) and (6). ATR-dichroism provides
a direct measure of the angular orientation, whereas site-directed
spin-labelling techniques and X-ray reflectivity provide depth-
dependent measurements from which angular information comes
indirectly via docking trials with a known protein structure. This is
reflected in the relatively large angular uncertainties from reflectivity
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measurements with the PKCα-C2 domain. These encompass the
direct angular determinations from IR-dichroism but – as already
pointed out by Chen et al. [27] – not the indirect inferences from site-
directed EPR. The latter also are not consistent with the direct
determinations from IR-dichroism. Whereas EPR-relaxation enhance-
ments within the membrane are well established in site-directed EPR
by calibration with spin-labelled lipid chains [59,60], those outside
the membrane rely on uncertain extrapolations that rapidly become
insensitive to position in the aqueous phase. Exactly the latter are
required for site-directed spin-labelling of the PKCα-C2 domain,
which does not penetrate the hydrophobic core on binding to lipid
membranes. This accounts for the lack of agreement between the
orientation of the PKCα-C2 domain deduced from site-directed spin-
labelling and that deduced from IR-dichroism (and X-ray reflectivity).
In support of this interpretation is that the orientation deduced from
site-directed EPR for the cytosolic phospholipase A2 (cPLA2) C2
domain, which penetrates the hydrophobic region of the membrane,
agrees far better with the direct determination from IR-dichroism
than does that from the non-penetrant PKCα-C2 domain.

Regarding the comparison between IR-dichroism and site-directed
spin-labelling, it should be noted that somewhat different criteria are
used to define the orientation of the β-strands and β-sheets in the two
cases. Of necessity, the IR method provides values which are averaged
over all amides of the peptide chain that are involved in β-strands. On
the other hand, to facilitate intercomparison between different C2
domains, orientations deduced from docking with site-directed spin-
labelling were defined by just three Cα positions in one β-sheet. These
were chosen to be at the ends of the longest β-strand and at an
intermediate position in an adjacent strand; equivalent residues were
chosen in all three C2 domains that are compared in Table 4. Thus
deviations between the two sets of values might arise from non-
planarity of the β-sheets. The two sheets of the β-sandwich are closely
parallel [8], which otherwise might also contribute to differences, but
the non-colinearity of the strands has little effect on the IR result, as is
shown in Appendix A.

In its simplest form, IR-dichroism of the amide I and amide II bands
from β-sandwich proteins has the advantage, relative to site-directed
spin-labelling studies with paramagnetic relaxants [24,57], that it
involves considerably fewer measurements and does not require site-
directed cysteine mutants. As regards membrane-bound C2 domains,
it also has greater orientational sensitivity because concentration
gradients of paramagnetic relaxants are rather small for surface-
associated proteins [26,57]. However, IR-dichroism gives only
orientational data on surface docking, and provides no information
on the vertical location of the protein relative to the membrane,
which is the principal strength of both site-directed EPR and X-ray
reflectivity. Ideally, the constraints on orientation from IR-dichroism
could be used in the optimisation procedure to provide further
refinement when fitting the depth parameters from site-directed
spin-labelling, or X-ray reflectivity.

4.3. Role of PIP2 in membrane docking of C2 domains

One of the main purposes of this work is to understand the role of
the polybasic cluster of the PKCα-C2 domain in its docking to
membranes. Recent structural studies have revealed that the C2
domain of PKCα possesses a binding site on the concave surface of the
β-strands (mainly strands β3 and β4), which is highly specific for PIP2
[18]. This motif binds PIP2 with very high specificity [16,18,19]. It is
found here that, whereas substitution of the anionic lipid POPS by
POPA produces only small change in orientation of the PKCα-C2
domain (see Table 3), introduction of the specific lipid PIP2 has a
pronounced effect on the orientation of the membrane-bound C2
domain (see Table 3), whilst leaving lipid chain order unaffected (see
Table 2). With respect to this role of PIP2 in membrane docking, it
should be emphasized that similar enhancements in tilt are obtained
with two independent anionic lipid systems, POPC/POPS and POPC/
POPA, although the absolute tilt angles differ slightly.

Fig. 6A and B illustrates the two possible dockings of the PKCα-C2
domain to the membrane in a configuration that takes account of the
results from IR-dichroism. Both are characterised by a tilt of α=35°
between the plane of the β-sheets and the normal to the plane of the
membrane. In the two cases, the C2 domain binds to POPC/POPS by
using the Ca2+-binding region at the top of the β-sandwich, with
loops 1 and 3 establishing a number of interactions with the
phospholipids. The difference between the two alternatives resides
in the penetration of each loop into themembrane interface. In Fig. 6A,
loop 1 penetrates more than does loop 3, and the opposite situation is
represented by Fig. 6B, where loop 3 penetrates more than does loop
1. Several mutagenesis studies have demonstrated that substitution of
critical residues in loop 1 is less deleterious to both membrane
binding and catalytic activity [7,10,61] than is that of residues located
in loop 3. These results are consistent with the model represented in
Fig. 6B, which places Arg249 and Thr251 (loop 3) within the
phospholipid headgroup region and Asn189 and Arg216 (loop 1) in
a more superficial location.

The docking orientation changes from that shown in Fig. 6A andB for
POPC/POPS to that in Fig. 6C when PIP2 is present in the membrane.
This corresponds to an increase from35° to 44° in the angleαwhich the
β-sheets of the C2 domain make with the membrane normal. PIP2
therefore enhances anchoring of the domain such that the β-sandwich
approaches closer to the membrane surface, in qualitative agreement
with the results of site-directed EPR [25], and thus becomesmore stably
bound (see [62]). This occurs by the interactions that PIP2 establishes
with its specific site in the β-groove, which is located in the lateral part
of the C2 domain and is composed of the residues Lys197, Tyr195,
Lys209, Lys211, Trp245 and Asn253 [18].

It is found that the inositol ring of PI is oriented perpendicular to
the bilayer surface [63], and phosphorylation at C4 and C5 of the ring
induces a bend toward the bilayer surface [63,64]. This orientation of
the inositol ring is that required by the crystal structure to facilitate
docking of the PIP2-bound C2 domain at the membrane surface [18].
In addition, this orientation also allows PtdIns(3,4,5)P3 to bind to the
C2 domain (as it does, with lower affinity [19,23,65]), because the
phosphate at C3 of the inositol ring points to the membrane interface
and is not involved in interaction with the protein. Note that Fig. 6 is a
modelling study; it represents the specific docking of POPS and PIP2 to
the protein but does not refer to an explicit mole fraction of the ionic
lipids. In general, it is expected that the negatively charged lipids are
recruited to the protein binding site as a result of their affinity for the
protein (see, e.g., ref. [66]).

In summary, this work introduces a new means to study the
membrane docking of C2 domains, and other domains that contain a
β-sandwich fold, by using ATR-IR-dichroism. The results reported
here are consistent with previous structural results and clearly
indicate that the interaction with PIP2 facilitates a closer contact of
the C2 domain with the membrane and this probably facilitates the
activation of PKCα.
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Appendix A. Mutually tilted strands in β-sandwiches

For a flat β-sandwich, where the angle between the strands in the
two sheets is 2ε, the strands are tilted by an angle β±ε, in sheets A



Fig. 6. C2 domain of PKCα docked to the surface of membranes without (A and B) and with (C) PIP2. The C2 domain of PKCα is represented as a ribbon model in green by using the
PDB codes (A and B) 1dsy [8] and (C) 3gpe [18]. The lipid membrane corresponds to a POPCmolecular dynamics simulation (popc128a) [68] and is represented as a stick model with
carbon in grey, nitrogen in blue and oxygen in red. The head groups of the two anionic phospholipids, phosphatidylserine (POPS) and PIP2 led us to dock the domain in the
hydrophilic region of the membrane bilayer. To orientate the tilt of the domain with respect to the normal to the membrane surface, we used α angles 35±3° (A and B) and 44±1°
(C) obtained from the ATR-IR measurements with POPC/POPS±PIP2. Figure prepared with PyMOL (DeLano Scientific LLC, San Francisco).
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and B, respectively (see Fig. 7). As before, β is the tilt of the symmetry
axis of the β-strands within the plane of the β-sandwich.

The dichroic ratio of the amide II band for sheet A in the β-
sandwich is therefore given from Eq. (3) by:

RII;A =
E2x
E2y

+
2〈cos

2α〉〈cos
2
β + εð Þ〉

1−〈 cos2α〉〈cos
2 β + εð Þ〉

E2z
E2y

ðA:1Þ

and that for sheet B is given by:

RII;B =
E2x
E2y

+
2〈cos

2α〉〈cos
2
β−εð Þ〉

1−〈cos2α〉〈cos
2 β−εð Þ〉

E2z
E2y

: ðA:2Þ

Correspondingly, the dichroic ratio of the amide I band for sheet A
in the β-sandwich is given from Eq. (4) by:

RI;A =
E2x
E2y

+
2〈 cos

2α〉〈 sin
2
β + εð Þ〉

1−〈cos2α〉〈 sin
2 β + εð Þ〉

E2z
E2y

ðA:3Þ
Fig. 7. Relative orientation, ±ε, of the β-strand axes, cA and cB, in β-sheets A and B of a
membrane-associated β-sandwich. The mean direction of the β-strands is tilted by an
angle β in the plane of the sheets, and the strands themselves are tilted by β±ε in the
two sheets (cf. Fig. 5).
and that for sheet B is given by:

RI;B =
E2x
E2y

+
2〈 cos

2α〉〈 sin
2
β−εð Þ〉

1−〈 cos2α〉〈 sin
2 β−εð Þ〉

E2z
E2y

ðA:4Þ

where angular brackets again indicate an average over the corre-
sponding orientational distributions. Those in α and in β (and ε) are
uncorrelated.

The dichroism of the complete β-sandwich (either amide I or
amide II band) is given by the ratio of the weighted absorption
intensities for parallel and perpendicularly polarized radiation. If fA is
the fractional intensity contributed by sheet A (where fA+ fB=1),
then taking into account the geometry of the ATR setup, the dichroism
of the entire β-sandwich is given by [46]:

R =
RB + G

1−fA RA−RBð Þ= RA + Gð Þ−G ðA:5Þ

where G=(2Ez2−Ex
2)/Ey2. For the amide II band: RA≡RII,A and RB≡RII,B

in Eq. (A.5), and equivalently for the amide I band.
The relative orientation of the β-strands in the sandwich: 2ε=31°,

and the relative size of the two sheets: fA≈0.5, are known from the
crystal structure (PDB: 1dsy, [8]). From the dichroic ratios of the
amide I and amide II bands for the dry sample in Table 3, Eqs. (A.1) to
(A.5) then give the orientation of the β-strands as: β=40±3°, and of
the β-sandwich as: 〈cos2α〉=0.67, with the thick-film approximation.
The value of β is very close to that obtained from the approximation
using Eqs. (3) and (4), and that for 〈cos2α〉 is identical. From the
dichroic ratio of the amide I band for the hydrated sample in Table 3,
and the fixed tilt β=40±3° of the β-strands within the sheets, one
obtains: 〈cos2α〉=0.67 from Eqs. (4) to (6) by using the thick-film
approximation. This corresponds to an effective tilt of α=35±3°,
relative to themembrane normal, which again is identical to the value
obtained with the approximation given by Eqs. (3) and (4).
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