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ABSTRACT In this work we demonstrate how polarized light absorption spectroscopy (linear dichroism (LD)) analysis of the
peptide ultraviolet-visible spectrum of a membrane-associated protein (cytochrome (cyt) c) allows orientation and structure to
be assessed with quite high accuracy in a native membrane environment that can be systematically varied with respect to lipid
composition. Cyt c binds strongly to negatively charged lipid bilayers with a distinct orientation in which its a-helical segments are
on average parallel to the membrane surface. Further information is provided by the LD of the p-p* transitions of the heme
porphyrin and transitions of aromatic residues, mainly a single tryptophan. A good correlation with NMR data was found, and
combining NMR structural data with LD angular data allowed the whole protein to be docked to the lipid membrane. When
the redox state of cyt c was changed, distinct variations in the LD spectrum of the heme Soret band were seen corresponding
to changes in electronic transition energies; however, no significant change in the overall protein orientation or structure was
observed. Cyt c is known to interact in a specific manner with the doubly negatively charged lipid cardiolipin, and incorporation
of this lipid into the membrane at physiologically relevant levels was indeed found to affect the protein orientation and its a-helical
content. The detail in which cyt c binding is described in this study shows the potential of LD spectroscopy using shear-deformed
lipid vesicles as a new methodology for exploring membrane protein structure and orientation.
INTRODUCTION

Biological lipid membranes harbor a significant portion of the

total number of proteins encoded for by the genome. These

proteins often have vital functions, such as maintaining cell

homeostasis, cell-cell signaling, and cellular response to

external stimuli (1). Membrane proteins (in the form of recep-

tors) are also the most common cellular drug targets for phar-

maceuticals on the market today (2). Thus, research on

membrane proteins is important not only in the context of

understanding cellular function, but also in the hunt for new

or improved drug leads. However, solving membrane protein

structures has proven difficult. Although NMR spectroscopy

and x-ray crystallography have been used successfully to

obtain atomic-resolution structure data for water-soluble

proteins, it is evident from the records in the Protein Data

Bank (PDB) (3) that the number of membrane protein struc-

tures is lagging far behind. As of December 2007, the struc-

tures of 178 unique membrane proteins and peptides had

been deposited in the Membrane PDB, as compared with

a total number of ~50,000 protein structures deposited in

the PDB (4). There are several reasons for this discrepancy,

including experimental difficulties associated with expressing

membrane proteins and subsequently reconstituting them in

membrane-mimicking environments in their functional state.

Also, obtaining diffracting crystals of membrane proteins has

proven very difficult and sometimes requires rather harsh

treatment of the sample, including excessive addition of deter-

Submitted September 19, 2008, and accepted for publication January 14,

2009.

*Correspondence: christina.caesar@chalmers.se; eline@chalmers.se

Editor: Betty J. Gaffney.

� 2009 by the Biophysical Society

0006-3495/09/04/3399/13 $2.00
gents. In addition, the membrane-mimicking environments

used for protein crystallization are often substantially different

from a lipid bilayer, and consequently there is a certain risk

that the solved structure will not represent the functional state

of the protein. Finally, and most importantly in our context,

since membrane proteins are crystallized without their natural

lipid bilayer, all orientational and membrane associative infor-

mation is missing. In principle, this information may be avail-

able from solution NMR experiments on proteins embedded

in membrane fragments (e.g., ‘‘bicelles’’), provided that the

total system is small enough to display a short orientation

correlation time on the NMR timescale (5).

In this study we explore the use of polarized light absorp-

tion spectroscopy (linear dichroism (LD)) to study the orien-

tation and binding geometry of a membrane-associated

protein hosted in the bilayer of a large (100 nm in diameter)

unilamellar lipid vesicle. The methodology for studying the

orientation of membrane-associated molecules with the use

of shear-deformed lipid vesicles was developed in our labo-

ratory 10 years ago (6), and since then the technique has

been improved with respect to sensitivity and applications

(7–13). Here we demonstrate, using cytochrome (cyt) c as

a model, that it is possible to obtain detailed orientational

information about a membrane-associated protein from LD

of specific electronic transitions within the protein. We

also show the usefulness of this technique by confirming

that the orientational information obtained from LD can

be exploited to dock an NMR solution structure of cyt c
onto a lipid membrane, thereby creating an ‘‘atomic-resolu-

tion model’’ that is in agreement with earlier speculated

orientations of the protein. Finally, we prove that the LD

doi: 10.1016/j.bpj.2009.01.025

mailto:christina.caesar@chalmers.se
mailto:eline@chalmers.se


3400 Caesar et al.
technique is sensitive enough to probe small structural

changes within the protein induced, in this case, by external

stimuli.

Cyt c is a small globular redox protein (104 residues,

~34 Å in diameter) with an a-helical content of ~30–40%

(14,15). The protein is normally found in the intermembrane

space of mitochondria, where it participates in the mitochon-

drial respiratory chain by transferring electrons between

the membrane protein complexes CoQH2-cyt c reductase

and the cyt c oxidase complexes (1). Cyt c is a readily

water-soluble protein, but it binds strongly to acidic lipid

membranes, particularly at low ionic strength conditions

(14,16), and it has traditionally been considered as diffusing

in two dimensions at the surface of the mitochondrial inner

membrane between its redox partners (17). In addition, cyt c
translocates across the mitochondrial membrane to be

released into the cytosol as a crucial step in the early stages

of apoptosis (18). Mitochondrial membranes are rich in

negatively charged lipids, and particularly in the biphospha-

tidyl glycerol lipid cardiolipin (CL), which is a dimeric

phospholipid with two phosphatidyl moieties linked by a

central glycerol group. The electrostatic interaction between

cyt c and negatively charged lipids has been suggested to

occur at a lipid-binding site on the protein surface (19,20).

In addition, a specific interaction between cyt c and CL

that results in alterations in both protein secondary structure

and degree of penetration into the bilayer has been sug-

gested (21).

Cyt c is ideal as model protein for extending the flow LD

technique from studies of model peptides to full-length

proteins because it is of a manageable size, its structure

and behavior have been extremely well studied (both in solu-

tion and in the presence of lipid membranes), and its water-

soluble state has been characterized at atomic resolution

(22,23). Moreover, it contains several useful chromophores

with characteristic absorption in the ultraviolet (UV)-visible

region of the spectrum, including the heme porphyrin group,

a single tryptophan residue (Trp59), and four tyrosines. Also,

the redox state of cyt c can be changed simply by the addition

of a reducing agent, and we saw a possibility to explore

structural changes associated with the electron transfer

process. Previous studies of cyt c indicated differences

between the two redox states, including heme distortions

and different orientations of the axial histidine (22,24).

This study shows that the binding geometry of membrane-

associated cyt c can be qualitatively determined with the use

of LD spectroscopy, a technique that is relatively simple in

terms of experimental procedures and can be straightfor-

wardly adapted to any commercially available CD spectro-

polarimeter. High-quality orientational information was

obtained for certain protein motifs, and the obtained LD

data were used to build a model of the membrane-bound

protein from an existing atomic-resolution structure of the

soluble protein, verifying a near-identical fold and the exis-

tence of one membrane-bound state.
Biophysical Journal 96(8) 3399–3411
MATERIALS AND METHODS

Chemicals

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC), and 1-pal-

mitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG) were purchased

from Larodan (Malmö, Sweden). Sucrose (99.5% pure), horse heart cyt c

(100% pure), CL (98% pure, from 67 bovine hearts), and sodium dithionite

(reducing agent) were purchased from Sigma-Aldrich (St. Louis, MO). The

buffer contained 10 mM phosphate (pH 7.0) and was prepared in ultrapure

water. In all LD experiments, the buffer contained 50% (w/w) sucrose (see

below).

Preparation of lipid vesicles

A chloroform solution with the desired lipid composition was evaporated to

dryness in a round-bottomed flask using a rotary evaporator. The resulting lipid

film was then put under reduced pressure over night to ensure complete

removal of chloroform. The lipid film was dispersed in buffer, and monodis-

perse large unilamellar vesicles (hereafter denoted lipid vesicles) were obtained

by freeze-thawing (five times) followed by subsequent extrusion (21 times)

through Nucleopore polycarbonate filters (100 nm diameter) using an extruder

(Lipofast-Pneumatic, Avestin, Ottawa, Ontario, Canada).

Binding assay

The extent of oxidized cyt c binding to the lipid membrane was measured

with the use of ultracentrifugation to separate free and membrane-bound

protein (25). Briefly, lipid vesicles (5 mM total lipid concentration) were

incubated with cyt c at a protein/lipid ratio of 1:200 and equilibrated for 3 h

at room temperature. The lipid vesicle-protein complexes were separated

from free protein by ultracentrifugation for 4 h at 4�C (50,000 rpm,

TLA120:2 rotor; Beckman Optima Max Ultracentrifuge). The free protein

concentration was determined spectrophotometrically by measuring the

absorbance (at 410 nm) in the supernatant. The extinction coefficient used

for oxidized cyt c was 3410 ¼ 101600 M�1cm�1 (14).

Circular dichroism

Circular dichroism (CD) was used to examine the secondary structure of free

and bound cyt c. Spectra were recorded on a Jasco J-810 spectropolarimeter

thermostated at 25�C in 1 nm increments, between 190 and 250 nm to explore

protein secondary structure, and between 325 and 510 nm to detect CD from

the heme group. The scan speed was 50 nm/min, the response was 0.5 s,

and the band pass was 1 nm. Ten to 20 scans were accumulated and averaged

by the computer. All spectra were corrected for background contributions by

subtracting appropriate blanks. The maximum lipid concentration was 1 mM

to avoid spectral distortions due to excessive light scattering. The protein/lipid

ratio was 1:200, the same as that used in the LD experiments (see below).

Secondary structure analysis was performed using the CDSSTR algorithm

(26–28) accessed through the online server DICHROWEB (29,30).

Linear dichroism

LD is defined as the difference in absorption of linearly polarized light

oriented parallel and perpendicular to a macroscopic orientation axis:

LDðlÞ ¼ AIIðlÞ � AtðlÞ: (1)

Lipid vesicles can be deformed into an ellipsoidal shape and aligned by shear

flow in a Couette cell device, rendering absorbing transition moments in

membrane-associated protein molecules oriented and thus amenable to

exhibit LD (6). Chromophores with absorbing transitions whose moments

are parallel to the lipid surface exhibit positive LD, and transitions with

moments oriented along the bilayer normal exhibit negative LD. The orienta-

tion of a specific transition moment can be assessed from its reduced LD, LDr.



Binding Geometry of Membrane Proteins 3401
This quantity is obtained by normalizing the LD with respect to the isotropic

absorption, Aiso, which should be recorded on the same sample, preferably in

a cell with the same pathlength as the Couette cell. The LDr is a concentration-

independent variable, and for a pure nonoverlapping absorption band corre-

sponding to transition moment i, the LDr is related to the latter’s angle relative

to the membrane normal, ai, according to:

LDr ¼ LD

Aiso

¼ 3S

4

�
1� 3cos2ai

�
; (2)

where S is the macroscopic orientation parameter that describes the overall

alignment of the sample. A perfectly oriented sample exhibits S ¼ 1,

whereas for an isotropic (random) system S ¼ 0. S is principally dependent

on two factors: 1), the deformation and thus the degree of alignment of the

lipid vesicles; and 2), the microscopic ordering of the lipids (acyl chains)

within the vesicle membrane (6,7).

Samples for LD were prepared by addition of a freshly made aqueous

cyt c solution to a final concentration of 25 mM to a 5 mM lipid vesicle

dispersion (giving a protein/lipid ratio of 1:200), followed by 3 h incubation

at ambient temperature. The buffer used contained 50% (w/w) sucrose to

reduce light scattering from the lipid vesicles (8). This high-viscosity buffer

also increases the viscous drag in the Couette cell, which results in a higher

degree of deformation of the lipid vesicles and hence improved overall

orientation of the samples. LD spectra were recorded on a Jasco J-720 spec-

tropolarimeter equipped with an Oxley prism to obtain linearly polarized

light (31), using an in-house-built outer-rotating quartz Couette flow cell

with a total pathlength of 1 mm. The samples were aligned at a shear

flow of 3100 s�1. Spectra were recorded at room temperature between

200 and 700 nm with a band pass of 2 nm and a scan speed of 100 nm/

min. Three spectra were accumulated and averaged by the computer. All

spectra were corrected for background contributions by subtracting a base-

line spectrum recorded on the same sample but without rotation of the Cou-

ette cell.

Isotropic absorbance spectra (Aiso) were collected on all LD samples

using a Varian Cary4 spectrophotometer and a 1 mm quartz cell. The

macroscopic orientation parameter, S, was determined for each sample

using retinoic acid as the membrane probe as previously described

(11,13). Retinoic acid was added to LD samples after the protein LD spec-

trum had been recorded to a final concentration of 25 mM from a 10 mM

stock solution. Samples were incubated for an additional 45 min before

measurement to allow the retinoic acid to bind to the lipid vesicles in its

intercalated state (11). Retinoic acid binds to lipid membranes with

a high degree of ordering and aligns along the lipid chains, with the carbox-

ylic acid group remaining at the membrane interface. It is a good membrane

probe with peptides or proteins experiments because its main absorption

band is centered around 350 nm and thus does not overlap significantly

with the absorption of protein aromatic side chains or the absorption in

the heme Soret band (11,32). S was calculated for each individual sample

from the LDr of retinoic acid under the assumption that the retinoic acid

transition moment is oriented perfectly perpendicular to the lipid surface

(the lipid vesicle orientation axis) and hence parallel to the membrane

normal, thus setting aretinoic acid to 0� in Eq. 2. This assumption is reason-

able because retinoic acid exhibits the highest LDr value that we have

managed to record to date using flow-oriented lipid vesicles (11). We previ-

ously reported that S varies considerably with lipid composition (12), and

we and others have noticed that S seems to vary slightly between lipid vesi-

cles that have identical compositions but were prepared from different lipid

films (11,32). The latter effect seems inherent to the preparation method

and is not affected or varied by the addition of protein; however, as a result,

protein LD spectra recorded under identical conditions but in different

lipid vesicle batches can have different magnitudes. We found that this

discrepancy can be satisfactorily corrected for by normalizing each LD

spectrum with respect to S of that particular sample. This has been done

in Figs. 2–5

The CD spectropolarimeter records spectra in units of ellipticity

(q, mdeg). This unit has no meaning in terms of LD, but can be easily
converted into differential absorption expressed in molar absorptivity units

according to:

D3 ¼ 4pqðdegÞ
180 ln10 � c � l

¼ qðdegÞ
32982 � c � l

; (3)

where c is the protein concentration in the sample, and l is the pathlength of

the Couette cell. All spectra presented in Figs. 2–4 were first converted

to D3 and then normalized with respect to S, and are therefore expressed

in units of M�1cm�1.

Transition moments in cyt c

The structures of the major chromophores in cyt c (the heme group, the tryp-

tophan side chain, the tyrosine side chain, and the peptide a-helix) are given

in Fig. 2 A. The arrows in the figure show the directions of the main transi-

tion moments in each chromophore, and their approximate absorption

maxima are indicated in the figure legend and outlined below.

The aromatic tryptophan side-chain chromophore, indole, has three strongly

absorbing transitions: the La and Lb transitions, which overlap in the 250–300

nm region, and the Bb transition at 225–230 nm (hereafter denoted La(trp),

Lb(trp), and Bb(trp), respectively). La displays a broad and unstructured

absorption profile centered on 270 nm, and Lb displays structured absorption

characterized by two distinct vibronic peaks just below 290 nm. The tyrosine

side chain has two main absorbing transitions whose moments are polarized

perpendicular to each other: Lb with an absorption maximum at 276 nm,

and La, which absorbs at ~230 nm (hereafter denoted Lb(tyr) and La(tyr)).

The heme group has two nearly degenerate p/p* transitions whose

moments are polarized perpendicular to each other in the heme x,y plane

(33). The actual direction of the two transitions in the plane of the heme

are not known but have been proposed to lie in the x- and y-Fe-pyrrole

ring direction (34,35). They absorb at ~430 nm (the Soret band). The

heme group displays absorption also at ~550 nm (the Q-band), but only in

the reduced state. The orientation of the transition moments contributing

to the absorption in the Q-band are not known.

The peptide bond absorbs light in the far-UV region of the spectrum, and

the relevant transitions for an LD experiment are the p/p* transitions

centered around 200 nm and the forbidden and therefore only weakly

absorbing n/p* transitions around 220–230 nm. In an a-helix the

p/p* transitions interact through exciton coupling and give rise to a resul-

tant transition polarized parallel to the helix axis that absorbs at 210 nm, and a

resultant transition polarized perpendicular to the helix axis that absorbs at

190 nm. It is not possible to resolve the latter with our experimental setup.

The n/p* transitions are oriented on average perpendicular to the helix axis.

Estimation of LDr values and insertion angles

The relative contribution of overlapping transition moments to the LD spec-

trum in the ‘‘aromatic’’ (250–300 nm) region where the tryptophan and tyro-

sine side chains absorbs, and in the Soret band (~430 nm) where the heme

group absorbs were obtained using the trial and error method (TEM) of step-

wise spectral reduction originally developed by Thulstrup et al. (36). TEM

relies on eliminating the contribution of a specific spectral feature from

the LD spectrum and makes use of the fact that the overlapping transitions

have different spectral profiles. The performance of TEM depends on how

easily the overlapping spectral profiles can be distinguished. The alternative

way to extract LDr values from LD spectra is to reconstruct the LD signature

in the wavelength region of interest with the help of the spectral profiles of

each absorption band that contributes to the LD spectrum using a least-

squares fitting approach. However, TEM is significantly less sensitive to

spectral noise because it does not aim to fit each point in the spectrum,

and was therefore chosen to derive the LDr.

TEM can be described as follows: If x and y are the two absorption profiles

that build up the absorption, A ¼ x þ y, LD is related to the absorption

accordingly, LD ¼ ax þ by, where a and b correspond to the LDr. Using

trial values of a on the left-hand side of Eq. 4 below, the value is chosen
Biophysical Journal 96(8) 3399–3411
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that most closely eliminates the spectral contribution from transition

x (and vice versa for Eq. 5):

LD� aA ¼ ðb� aÞy (4)

LD� bA ¼ ða� bÞx: (5)

The LDr of the Lb(trp) transition moment was derived from the LD and

absorption spectra in the 250–310 nm region under the criterion that

a successful TEM elimination of Lb(trp) was obtained when the two peaked

vibronic signatures from the Lb transition at 290 nm disappeared in the spec-

tral combination.

The LDr of the two Soret transitions was derived from the LD and absorp-

tion spectra in the 350–480 nm region. The orthogonally polarized x and y
components that result from lifting the degeneracy of the Soret band were

assumed to be of equal oscillator strength, and the components were

resolved by Eqs. 3 and 4 by finding the smallest values of jaj and jbj that

gave the x and y component equal areas. The resolvation procedure of the

Soret transitions is illustrated in Fig. 3.

Construction of a cyt c binding model

The insertion angles of specific transition moments obtained from the LD

experiments were used as constraints to dock two solution NMR structures

of oxidized and reduced cyt c, respectively, onto a model lipid membrane,

resulting in an ‘‘atomic resolution’’ model for the orientation of membrane-

bound cyt c. The structural coordinates were obtained from the Research Col-

laboratory for Structural Bioinformatics PDB (accession codes 1AKK (22)

and 1GIW (23) for the oxidized and reduced structures, respectively). Only

those transition moments whose orientation could be unambiguously as-

signed were used to construct the model. These were the Lb(trp) transition

moment and the two orthogonal x- and y-Soret transitions in the heme group.

Since the directions of the latter transitions relative to the molecular frame-

work of the heme group have not been experimentally assigned, we defined

instead the LDr of the normal to the heme plane. This LDr value can be calcu-

lated from the LDr values of the x- and y-Soret transitions since the sum of the

LDr values of three purely polarized orthogonal transitions in a chromophore

must be zero (this follows from LDr(i)¼ 3Sii, for a transition polarized parallel

with orientation axis i, i ¼ x,y,z, and a Sii ¼ 0, for a uniaxially oriented

system). The binding model was constructed as follows: two vectors

describing the directions of Lb(trp) and the normal of the heme plane were

defined using appropriate coordinates in the .pdb file (the vector for the

heme normal was obtained as the cross product of the x- and y-pyrrole-

Fe-N directions of rings A and B; for directions of Lb(trp), refer to Albinsson

and Norden (37)). The two vectors were simultaneously rotated first around

the z axis and then around the x axis, using a minimization algorithm in

MATLAB software (The MathWorks, Natick, MA) to find the orientation

that best corresponds to the experimentally obtained orientation of Lb(trp)

and the x- and y-Soret transition moments. The rotation angles that gave the

best fit were then used to rotate all protein coordinates in the .pdb file, and

models of membrane-bound cyt c, in its correct orientation, were drawn using

the SwissPDBViewer and PyMol software.

RESULTS

Cyt c binding affinity

The binding affinity of cyt c to lipid vesicles of relevant

composition was determined using ultracentrifugation to

separate bound and free protein. The fraction of unbound

protein was estimated by absorbance measurements on the

supernatant, and the bound fraction was derived under the

assumption that the remaining protein fraction was

membrane-bound. Table 1 shows values for the bound frac-
Biophysical Journal 96(8) 3399–3411
tion, Xb, of oxidized cyt c in samples prepared in the same

way as in the LD studies and at the same total concentrations

(protein/lipid ratio of 1:200 and total lipid concentration of

5 mM). The degree of binding is high in all types of samples

tested. The increase in Xb with increasing degree of nega-

tively charged lipid points to that electrostatic attraction is

clearly a major determinant for binding. Two physiologically

relevant membrane levels of negatively charged CL lipid

(38)—10 and 20 mol %—were also investigated. The

binding affinity is somewhat lower in CL-containing vesicles

compared to POPC/POPG vesicles prepared at comparable

surface charge ratios (CL carries two negative charges, and

10 mol % CL is thus equivalent to 20 mol % POPG).

CD and secondary structure of cyt c

Fig. 1 shows CD spectra of oxidized cyt c in solution (10 mM

phosphate buffer) and associated to POPC/POPG (60:40)

lipid vesicles dispersed in the same buffer. The shape of the

CD spectra confirms that cyt c is adopting a mainly a-helical

conformation, which is in agreement with existing x-ray and

NMR structures of cyt c in solution (22,23,39). The free and

bound spectra are similar, but not identical, in both the UV/

near-UV region where the spectrum is dominated by the

peptide bond transitions, and the Soret band where the

heme group absorbs. The CDSSTR algorithm was used to

deconvolute the CD spectrum of each sample to estimate

the secondary structure content. The analysis showed that

the protein folds into mainly a-helical and ‘‘random coil’’

segments, but with some contribution of b-sheet structure.

The estimated a-helical and strand contents are given in

Table 1. The spectra in Fig. 1 represent the sample in which

the largest deviation in secondary structure content between

bound and free protein was observed (using the POPC/

POPG lipid system). As can be seen from the data in Table 1,

the variations in secondary structure content are minor, and

therefore it is likely that cyt c largely retains its fold upon

binding to POPC/POPG lipid vesicles. By contrast, when

TABLE 1 Fraction of bound cyt c and estimated a-helical

content

Bound fraction (Xb)* Secondary structurey

Oxidized Oxidized Reduced

Helix Strand Helix Strand

POPC/POPG (80:20) 0.82 0.39 0.10 0.39 0.25

POPC/POPG (60:40) 0.96 0.35 0.12 0.39 0.25

POPC/POPG (40:60) 0.95 0.35 0.12 0.40 0.27

POPC/CL (90:10) 0.70 0.18 0.35 0.16 0.40

POPC/CL (80:20) 0.88 0.20 0.26 0.33 0.16

Free cyt c — 0.31 0.15 0.38 0.09

*Fraction of bound protein was determined using an ultracentrifugation

assay to separate free and bound protein.
yFraction of a-helix and b-strand secondary structure as determined by the

CDSSTR algorithm applied to the recorded CD spectra in the 200–250 nm

region, using reference set number 7 (includes 48 proteins) in DICHROWEB

(29,30).
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cyt c binds to lipid vesicles containing CL, the a-helical

content is in general significantly lower. This indicates that

cyt c may become partially unfolded upon interaction with

membranes containing this particular lipid.

LD of membrane-bound cyt c—comparison
of the oxidized and reduced forms

Fig. 2 B shows LD and isotropic absorbance spectra of

oxidized and reduced cyt c bound to lipid vesicles containing

40 mol % negatively charged lipids (POPC/POPG (60:40)).

The spectra are very different, particularly in the visible

region (heme group absorption) but also in the aromatic

region (tryptophan and tyrosine absorption). The LD in the

Soret band (~430 nm) is bisignate, reflecting the orthogonal

orientations of the x- and y-heme transitions. In the oxidized

spectra there is a large negative peak at shorter wavelengths

and a small positive peak at longer wavelengths. Reduction

of the heme group results in a sign shift of this split LD

signal, with concurrent changes in magnitude of the two

bands, and also appearance of LD and structured absorption

in the Q-band (~550 nm). Fig. 2 shows the LDr values of

these transitions, which were estimated using TEM data

analysis as described in Materials and Methods. An example

of the TEM data analysis is shown in Fig. 3. Spectral differ-

ences are also observable in the 220–300 nm region, indi-

cating some changes in orientation of aromatic side chains

(see below). By contrast, the oxidized and reduced spectra

are similar in the UV region and display strong positive

peaks of nearly equal magnitudes around 208–210 nm (the

peaks were truncated to better visualize other spectral

features, but their maxima are at 230,000 M�1cm�1 and

BA

FIGURE 1 CD spectra of oxidized cyt c free in solution (solid lines)

and associated to POPC/POPG (40:60) lipid vesicles (dashed lines).

The protein/lipid ratio was 1:200, and the lipid concentration was 1

mM. (A) The peptide bond spectral region. (B) The Soret spectral region

of the heme group.
225,000 M�1cm�1 for the oxidized and reduced form,

respectively). These peaks emanate from the low-energy

component of the peptide bond p/p* exciton coupling,

which is observed for a-helical peptide segments according

to Moffitt theory (40,41). These transition moments form

a resultant transition oriented parallel to the long axis of

a-helices (see Fig. 2 A and Materials and Methods). There-

fore, the positive LD at 205–210 nm shows that the a-helical

segments in cyt c are on average more parallel than perpen-

dicular to the lipid bilayer. The magnitude of the signal indi-

cates that the a-helices are well aligned along the membrane

surface. The peaks in the oxidized and reduced spectra have,

within experimental error, the same magnitude, suggesting

that the overall orientation of the protein is not significantly

altered by reduction of the heme group.

In addition to the p/p* transitions, each peptide bond

amide chromophore has an n/p* transition, and in an a-

helix these will give rise to a transition moment oriented

perpendicular to the helix axis. This resultant transition

moment absorbs at 220–225 nm but is only weakly

allowed, and the extinction coefficient is thus very low

(3 ~ 100 M�1cm�1 per residue). However, the appearance

of positive LD in the p/p* absorption band infers that

the n/p* absorption band should be negative since their

corresponding transitions are orthogonal (see Fig. 2 A).

There is indeed a negative absorption band around 220–

230 nm in both spectra in Fig. 2 B, but it cannot be assigned

solely to the n/p* transition since the Bb(trp) and La(tyr)

also absorb in this region.

Cyt c contains one single tryptophan residue (Trp59),

which in principle makes it possible to assign its exact orien-

tation with three angular coordinates (from the orientation of

its Bb, La, and Lb transition moments). Both the oxidized and

reduced spectra in Fig. 2 B display two small positive peaks

just below 290 nm, which is a characteristic signature of the

Lb(trp) absorption profile. Therefore, Trp59 must be oriented

so that the Lb transition moment is more parallel than perpen-

dicular to the membrane surface. The exact orientation of the

Lb(trp) transition moment was obtained from TEM data anal-

ysis of the LD and absorption spectra in the aromatic region

as detailed in Materials and Methods. The LDr values and

calculated insertion angles are given in Table 2. The analysis

shows that Lb(trp) is essentially perpendicular to the

membrane normal (a ¼ 87�) in both oxidized and reduced

cyt c. The resultant LD in the 250–300 nm, obtained after

subtraction of the Lb(trp) contribution, corresponds to the

average orientation of the single La(trp) transition moment

in tryptophan and the Lb(tyr) transition moments in the

four tyrosine residues of cyt c. The resultant LD spectrum

was not further resolved, but for the purpose of discussion

of the change in LD in the aromatic region upon reduction

of cyt c, a residual LDr value representing this average

is included in Table 2. The orientation of La(trp) can be

obtained once the binding geometry of the entire cyt c
protein has been assigned. The relative contribution to LD
Biophysical Journal 96(8) 3399–3411
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A

B

FIGURE 2 (A) Four main intrinsic chromophores in cyt

c: 1), the indole chromophore of tryptophan with transition

moments Lb at ~290 nm, La at ~270 nm, and Bb at ~225–

230 nm (37); 2), the heme porphyrin prosthetic group

with the x and y polarizations of the Soret band (33); 3),

the tyrosine with its two perpendicular transition moments,

the Lb at 276 nm, and the La at ~230 nm (59); and 4), the

peptide a-helix (40,41). (B) LD spectra of oxidized (black

bold line) and reduced (gray bold line) cyt c associated to

POPC/POPG (60:40) lipid vesicles. The corresponding

absorption spectra (divided by a factor of 3) are included

for comparison (oxidized as black thin line and reduced

as gray thin line).
in this region from the La(trp) and Lb(tyr) will be further

considered in the Discussion.

The spectral differences in the 220–230 nm region support

the idea that reduction of cyt c results in rearrangement of one

or several of the aromatic side chains. Both tryptophan and

tyrosine display relatively strong absorption in this region

due to the Bb(trp) and La(tyr) transitions, respectively. These

absorption bands have similar (nearly Gauss-formed) shapes

and in addition there is overlap with the peptide bond n/p*

transitions. Therefore, the spectral change in this region

cannot be quantified, and instead is described qualitatively.

Fig. 2 B shows that the oxidized cyt c spectrum has a narrow

positive peak at ~230 nm that is absent in the reduced cyt c
spectrum. The negative peak at ~225 nm is larger in the

reduced spectrum compared to the oxidized spectrum and

the peak is displaced a few nanometers to the red. The spectral

change is in agreement with the notion that either the Bb(trp)
Biophysical Journal 96(8) 3399–3411
transition or the average La(tyr) transition changes sign from

positive to negative upon reduction of cyt c.

LD of cyt c—effects of membrane surface charge
density and protein/lipid ratio

Fig. 4 shows LD spectra of oxidized (A) and reduced (B)

cyt c in lipid bilayers composed of POPC/POPG with respec-

tively 20, 40, and 60 mol % POPG (negatively charged

lipid). All spectra in each set (Fig. 4, A and B) display very

similar signatures, but there is a variation in LD magnitudes

that is particularly evident in the stronger absorption bands.

It is apparent that the highest degree of orientation is

obtained when cyt c is bound to POPC/POPG membranes

with a 40% negative charge (black lines). The overall simi-

larity suggests that the orientation of membrane-bound
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cyt c is essentially independent or only marginally affected

by the surface charge density of the lipid membrane.

It has been suggested that the binding geometry of cyt c
can vary with the protein/lipid ratio (14). We performed an

incremental titration series covering protein/lipid ratios

from 1:200 up to 1:18 to explore possible variations in

FIGURE 3 Schematic of the TEM for stepwise reduction of the Soret

transitions. The coefficient a (Eq. 3) is varied and the combinations that

most accurately recreate the spectral features of the Soret bands are shown

in bold with indicated Ldr values.
binding mode. However, all recorded spectra had virtually

identical shapes (spectra not shown).

LD of cyt c—interactions with CL

Cyt c has been reported to interact in a specific manner with

the doubly negatively charged lipid CL (42–44). We tested

how this lipid affects cyt c LD by incorporating CL into

POPC lipid vesicles at two different molar ratios (10 or

20 mol % CL, corresponding to 20 and 40 mol % negative

charge, respectively). Fig. 5 shows LD spectra of oxidized

and reduced cyt c associated to POPC/CL lipid vesicles con-

taining 20 mol % CL, a level that resembles the actual phys-

iological level in the inner mitochondrial membrane (38).

The LD spectra in Fig. 5 differs substantially from those

shown in Figs. 2 B and 4, indicating the existence of a specific

interaction between cyt c and CL that is not observed in pres-

ence of POPG. The differences are further described below

but were also quantified in terms of orientation of the Lb tran-

sition moment in Trp59 and the x- and y-Soret transitions in the

heme group using TEM analysis (see Table 2). In contrast to

the spectra in Fig. 5, incorporating a smaller amount of CL

into the lipid vesicles (10 mol %) had no major effect on the

recorded LD (data not shown).

The overall magnitudes of the absorption bands in Fig. 5 are

significantly smaller than those in Figs. 3 and 4. This cannot

be ascribed to a lower degree of macroscopic orientation in

these samples since the spectra in Figs. 3 B, 4, and 5 were

all normalized with respect to the orientation parameter (S).

Moreover, as can be seen in Table 2, the orientation is better

in samples with POPC/CL vesicles than in samples with

POPC/POPG vesicles (S is higher), indicating that the poor

orientation of cyt c is due to the fact that the protein itself

does not align so well at the membrane surface when CL is

present.

For oxidized cyt c, the main changes in LD resulting from

exchanging 40 mol % POPG with 20 mol % CL (the same
TABLE 2 Macroscopic orientation parameters (S), LDr values, and insertion angles (a) relative to the membrane normal for cyt c

transition moments

LDr/(S � Xb)y a

S* Chromophore Transition moment Oxidized Reduced Oxidized Reduced

POPC/POPG (60:40) 0.042 Trp Lb þ0.74 þ0.74 87� 87�

La(trp)/Lb(tyr)z þ0.30 0 63� 54�

heme Soreti �0.32 þ0.67 42� 66�

Soretii þ0.74 �0.42 87� 46�

POPC/CL (80:20) 0.050 Trp Lb þ0.57 �0.79 74� 34�

La(trp)/Lb(tyr) þ0.23 �1.47 61� 6�

Heme Soreti �0.29 n.d. 47� n.d.

Soretii þ0.22 n.d. 61� n.d.

Chromophore orientations in cyt c. S is the macroscopic orientation parameter of the lipid vesicle-protein samples. Normalized LDr values and insertion angles

(a) relative to the membrane normal.

*S was determined from the LDr of retinoic acid as described in Materials and Methods. Retinoic acid was added after the cyt c LD spectrum had been recorded.
yFraction of bound cyt c was taken from Table 1.
zLDr values given are the average LDr of La(trp) and the Lb(tyr) transitions in the four tyrosines. The relative contribution from each transition could not be

resolved.
Biophysical Journal 96(8) 3399–3411
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surface charge) includes a halving of the negative Soret peak

at ~415 nm, a radical increase in the positive LD at 230 nm

and a concomitant reduction of the negative LD at 225 nm.

For reduced cyt c the main changes include the appearance

of a bisignate negative absorption band in the Soret region,

a strongly negative contribution to LD in the aromatic

B

A

FIGURE 4 LD spectra of oxidized (A) and reduced (B) cyt c in POPC/

POPG lipid vesicles containing 20, 40, and 60 mol % negatively charged

POPG.

FIGURE 5 LD spectra of oxidized (black line) and reduced (gray line)

cyt c bound to CL-containing lipid vesicles (POPC/CL (80:20)).
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region, with a negative contribution from Lb(trp), and the

appearance of a split signal in the 220–230 nm region resem-

bling that observed for oxidized cyt c. The orientation of the

a-helices in both oxidized and reduced cyt c bound to CL-

containing lipid membranes are still on average parallel to

the membrane surface, as evidenced by the positive LD at

205–210 nm, suggesting some resemblance between the

different conformations found in CL and POPC/POPG

membranes.

Structural models for oxidized and reduced cyt c
bound to POPC/POPG lipid membranes

The angular information in Table 2 was used to construct

structural models of the cyt c binding geometry in POPC/

POPG lipid membranes according to the procedures

described in the Materials and Methods section. For oxidized

cyt c the coordinates in the 1AKK .pdb file (describing a solu-

tion NMR structure of the oxidized protein) had to be rotated

around the z and x axes by the angles �76.6� and 24.1�,
respectively, to fit the transition moment x,y,z coordinates

with the experimental LDr values for the Lb(trp) and the

resultant heme Soret transition (see Materials and Methods).

In the fitted model the Lb(trp) transition moment adopted an

angle to the z axis of 94� (this equals 86� because of the

uniaxial distribution around the z axis) and the angle between

the z axis and the normal of the heme plane was 44�. For

reduced cyt c the coordinates in the 1GIW .pdb file

(describing a solution NMR structure of the reduced protein)

were rotated 212.5� and 27.4� around the z and x axis,

respectively. In the fitted model the Lb transition moment

angle to the z axis was calculated to 94� and the angle

between the z axis and the heme plane normal was 48�.
Fig. 6 shows the proposed protein orientation for the

reduced state of cyt c. Fig. 7 shows an overlay of Trp59

and the heme group in reduced and oxidized cyt c and high-

lights the identical orientation of the indole side chain in both

states, as well as the minor displacement of the heme group.

It is obvious from this figure, as well as from Fig. 6, that the

indole in tryptophan is oriented almost perfectly parallel to

the surface of the lipid bilayer. This conveys that the orien-

tation of the La(trp) and Bb(trp) transition moments must

be close to 90�. This gives some clues as to the average

orientation of tyrosines in the oxidized and reduced state,

which we will return to in the Discussion.

DISCUSSION

In this study we aimed to gain insight into the potential of

a new approach for assigning the binding geometry of

membrane-bound proteins. We demonstrate that polarized

light spectroscopy (LD) can successfully be combined with

data from an atomic-resolution NMR structure obtained in

solution to provide information about the binding geometry

and orientation of a membrane-associated protein, here
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exemplified by cyt c. We further show how small structural

changes within the protein can be identified, and that the

methodology is sensitive enough to pick up on small differ-

ences in binding geometry between two isoforms of the same

protein.

FIGURE 7 Superimposition of the membrane-binding models for oxidized

(light gray) and reduced (dark gray) cyt c showing Trp59 and the heme group.

FIGURE 6 Model of reduced cyt c associated to POPC/POPG (60:40)

lipid vesicles. The membrane normal is vertical in the picture and the lipid

bilayer is at the bottom. The heme group and the tryptophans are colored in

black.
In brief, our results can be summarized as follows:

1. We have demonstrated that cyt c binds to POPC/POPG

lipid vesicles with a high degree of orientation, indicating

the existence of only one relevant binding mode within

the investigated concentration regime.

2. We have shown that cyt c undergoes some minor changes

in binding geometry while changing its redox state, but

the average orientation of its peptide backbone (foremost

the a-helical segments) is practically unchanged.

3. We constructed a binding model for cyt c based on LD

data and existing atomic-resolution NMR solution struc-

tures that shows how the protein binds to POPC/POPG

lipid vesicles, with its a-helices on average parallel to

the membrane surface, the plane of the Trp59 side chain

(indole) almost perfectly perpendicular to the membrane

normal, and the heme group in a tilted orientation in

which the normal of the porphyrin plane makes an angle

of ~45� to the membrane normal (see Figs. 6 and 7). The

model is in good agreement with earlier constraints on

protein orientation suggested in the literature.

4. We confirmed the existence of a particular interaction of

cyt c with CL, and the combined LD and CD data point to

a partial unfolding of the protein resulting in changed

secondary structure and reorientation of both Trp59 and

the heme group.

Obtaining angular information on the orientation of

specific transition moments from LD spectra is meaningful

only if it can be validated that the molecule in question

adopts one binding mode. In the case of poor alignment or

multiple binding modes, the LD will inevitably be reduced

due to averaging effects, and consequently all computed

insertion angles will approach 54.7� (magic angle, LD ¼ 0).

Therefore, it was important to justify the existence of one

single binding mode for cyt c and to verify that the protein

was well aligned within the membrane. Several features of

this study, each of which will be discussed and justified

below, indicate that this holds true for cyt c associated to

lipid vesicle membranes. The mere existence of LD from

samples containing cyt c and lipid vesicles shows that

some preferred orientation exists and proves that the protein

does not simply adsorb onto the bilayer in a random fashion.

Inspection of the LD and absorption spectra in Fig. 2 B
reveals that cyt c gives rise to sharp LD bands that parallel

the shape of the corresponding absorption bands. This is

an indication of one binding mode, since multiple binding

modes often result in absorption broadening due to the

heterogeneous environment around each chromophore, as

well as LD shifts resulting from the fact that all chromo-

phores are not oriented in the same fashion. Most of the esti-

mated LDr values and corresponding insertion angles (see

Table 2) are far from magic angle conditions, and the fact

the orientation of Lb(trp) approaches 90� is strong evidence

for that multiple orientations of at least Trp59 do not exist.

This indicates that cyt c is extremely well aligned; in fact,
Biophysical Journal 96(8) 3399–3411
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its degree of orientation is comparable to that of retinoic acid

(11), which we routinely use to sense the overall orientation

of the lipid vesicles.

Although we were only able to find one binding mode for

cyt c, other studies have indicated as many as three different

binding models: a peripheral binding mode, an integral

membrane insertion mode, and a ‘‘protein/protein interac-

tive’’ binding mode (14). The LD technique cannot give infor-

mation on the degree of protein insertion into the membrane,

and we cannot fully distinguish between the peripheral and

integral binding modes. However, most experiments in this

study were performed at a protein/lipid ratio of 1:200, which

should give the peripheral binding mode. According to

Oellerich et al. (14), the partially inserted mode should occur

at high protein/lipid ratios (above 1:18), but, as mentioned

above, the appearance of a different binding mode under these

conditions could not be detected by us. The ‘‘protein/protein

interactive’’ binding mode would have given rise to exciton

coupling effects (12), which were not observed. Therefore,

to conclude, we believe that the peripheral binding mode is

the only binding mode observed in this study.

Our method for constructing an ‘‘atomic-resolution’’

binding model of cyt c relies on the fact that it is possible to

dock a protein structure obtained in solution onto a model

lipid membrane with the help of constraints on its orientation

obtained from the LD of a small number of transition

moments within the protein. Therefore, it is very important

that one can assume that the protein retains, to a significant

extent, its tertiary structure in the membrane-bound state.

The CD data presented in Fig. 1 and Table 1 indicate that

the secondary structure of cyt c is similar in solution and in

a POPC/POPG lipid membrane. The estimated a-helical

contents (30–40%) are in good agreement with data presented

by Banci et al. (22,23), and the secondary structure analysis of

cyt c CD spectra (Table 1) confirms that only minor (<10%)

changes in a-helical content occur upon binding to POPC/

POPG lipid bilayers. Additionally, the cyt c secondary struc-

ture is essentially preserved after changes in the protein redox

state, both in solution and in POPC/POPG lipid membranes.

In addition, the CD spectra of bound and free protein were

always similar in the Soret band. This is in contrast to the find-

ings of Oellerich et al. (14), who observed a major difference

in Soret CD when cyt c interacted with lipid vesicles

composed of anionic DOPG. Both Oellerich et al. (14) and

Pinheiro et al. (45) previously interpreted the change in this

split CD signal in the Soret absorption band of cyt c as

a disruption of the tight packing of core residues in cyt c
upon binding to the lipid membrane. The absence of such

a change in Fig. 1 indicates that the protein environment

near the heme group is essentially unaffected by lipid interac-

tions under the experimental conditions used in our study.

This holds true for all samples prepared during this study,

since the effect was similar throughout. Therefore, we believe

it is reasonable to assume that cyt c retains its tertiary structure

upon interaction with POPC/POPG lipid membranes.
Biophysical Journal 96(8) 3399–3411
A binding model of cyt c bound to POPC/POPG

membranes (Fig. 6) was constructed using two orientational

constraints: the direction of the Lb(trp) transition moment

and the direction of the normal to the heme plane. It would

of course have been desirable to assign, with certainty,

more transition moment directions and include them to

produce a refined model of membrane-bound cyt c. This could

have been achieved by employing the site-specific LD by

molecular replacement (SSLD-MR) approach, in which one

aromatic amino acid at a time is mutated and the resulting

LD spectrum is compared against the wild-type protein to

obtain the LD of that particular residue (46,47). This approach

would have made it possible to assign, for example, the orien-

tation of each individual tyrosine, albeit with a significantly

higher experimental expenditure. Here, we will instead

concentrate on demonstrating the power of the LD technique

in its simplest form by showing that several LD features that

were not included to create the current model can in fact be

remarkably well predicted from the theoretical orientation

of transition moments in the model.

All LD spectra of cyt c in POPC/POPG lipid vesicles (see

Figs. 2 B and 4) display positive peaks at 208–210 nm,

showing that cyt c must be oriented with its a-helices more

parallel than perpendicular to the membrane surface. The

magnitude of the LD in this region is also a good indication

that the a-helices should on average make a large angle to

the membrane normal. These features are confirmed in the

model where the two longest helical segments, corresponding

to residues 3–12 and 90–98, are oriented almost parallel to the

helix surface. The fact that the LD at 210 nm remains constant

upon reduction of cyt c suggests that the overall orientation of

the protein does not change upon reduction. This is also the

case in our model (not shown).

According to Figs. 6 and 7, our models predict that Trp59 is

oriented with the indole plane parallel to the surface of the

lipid membrane in both oxidized and reduced cyt c. This infers

that not only the Lb(trp) but also the La(trp) and Bb(trp) tran-

sition moments are close to parallel to the surface of the lipid

membrane and should thus exhibit strongly positive LD. For

La(trp) this should amount to an LDr in parity with that of

Lb(trp) (þ0.74; see Table 2). If the Lb(trp) contribution is

subtracted from the LD spectrum, the residual LDr is þ0.30

for the oxidized form and zero for the reduced form. There-

fore, we can expect that the Lb transitions in the four tyrosine

residues of cyt c should on average display a net negative LD

in the 250–300 nm region. By representing each Lb(tyr) with

a vector in the model in Fig. 6 (and in the corresponding model

of oxidized cyt c), we calculated their angles relative to the

z axis and then computed their theoretical LDr values. This

calculation showed that the net LDr for Lb(tyr) should indeed

be negative in both oxidized and reduced cyt c. Moreover,

the theoretical net LDr for Lb(tyr) is more negative in reduced

cyt c compared to the oxidized form, which explains the

observed change in LD upon reduction of cyt c. We can

therefore conclude, from LD data and with the help of the
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atomic-resolution data of the rotated NMR structures that

were used to build our models of membrane-bound cyt c,

that although Trp59 is unaffected by the redox state of cyt c,

one or several of the four tyrosines do change orientation.

The appearance of a split LD signal in the Soret band indi-

cates immediately that the heme group should be tilted with

respect to the membrane normal. This bisignate LD in the

Soret band was observed before by our group (48) and others

(32). Rajendra et al. (32) calculated a tilt angle between the

heme plane and the average lipid of ~50�, which is in agree-

ment with what we observed. The fact that both the oxidized

and reduced cyt c gives rise to opposite LD signatures in the

Soret band indicates at first glance a significant rearrange-

ment of the heme when the protein changes redox state.

However, there is only a marginal difference in the actual

orientation of the heme normal (whose LDr was computed

from the LDr of the x,y-Soret transitions). The similarity in

orientation of the heme group is emphasized in the cartoon

model in Fig. 7. The heme normal is 44� from the membrane

normal in the oxidized form and 48� in the reduced form.

This minor change in tilt is probably not relevant for the

function of cyt c and shall not be further discussed here.

The shift of signs in the Soret band is instead assigned to

a change in the local perturbation of the near-degenerate

transitions of the Soret band.

It has been suggested that cyt c contains a specific lipid-

binding site consisting of a region of clustered positive charges

(14). Characteristically, most of the basic residues in cyt c are

segregated into well-defined patches on the surface of the

protein molecule (16). Peripheral binding of the protein to

negatively charged phosphatidyl headgroups has been attrib-

uted to lysine-rich domains around the exposed heme edge

on the surface of the protein (50,51). In particular, it has

been suggested that the four lysines (72, 73, 86, and 87) should

be oriented on the membrane-facing side of cyt c (52–55). Our

model of membrane-bound cyt c (Fig. 6) places Lys72 and

Lys73 on the bottom half of the spherical protein. By contrast,

Lys86 and Lys87 are located on the upper half of the protein,

which disagrees with the notion that they are part of a lipid-

binding site. For these residues to be in close contact with

negative moieties in the lipid membrane, cyt c must be deeply

inserted, which is not very likely given the polar character of

the protein. It should be emphasized that it is not possible to

rotate the protein so that all four tyrosines are placed on the

lower half of cyt c if its a-helical fragments are to be well

aligned with the lipid surface. Therefore, it seems that not all

lysines are important for lipid interaction in the peripheral

binding mode. Vanderkooi and co-workers (56) suggested

that cyt c binds to the inner mitochondrial membrane on the

side of the protein where Met65 is located. Such an orientation

was also indicated by Brown and Wuthrich (57). Our model

(see Fig. 6) places Met65 at the lower hemisphere, in good

agreement with those observations.

It has been proposed that cyt c interacts specifically with CL,

and two different binding sites for CL on cyt c have been sug-
gested (42–44). In this study we found that the LD of cyt c is

clearly affected by the presence of CL, but we also observed,

somewhat surprisingly, that the cyt c binding affinity for lipid

vesicles containing this lipid is lower than the affinity for

POPC/POPG vesicles with identical surface charge (see Table

1). In addition, we observed a much smaller LD signal from cyt

c upon CL incorporation, indicating poorer alignment within

the membrane. The overall lower a-helicity of cyt c associated

to CL vesicles suggests that the protein partially unfolds upon

interaction with CL lipids, and is in agreement with previous

observations that CL may induce loosening of the cyt c tertiary

structure (52,58). No significant changes could however be

observed in the Soret region of the CD spectrum. The unfold-

ing itself may result in cyt c losing some of its orientation spec-

ificity, which would explain the lower overall LD signals in

Fig. 5. However, there are also some spectral changes in the

aromatic region and the Soret region that indicate reorientation

of these residues upon interaction with CL. For oxidized cyt c,

this change is mainly observed in the aromatic spectral region.

The insertion angle for Lb(trp) is 72�.
The LD of the reduced state of cyt c is more drastically

altered by interaction with CL. In the aromatic region, the

LD curve indicates that a major reorientation of Trp59 has

occurred because the characteristic ‘‘double peak’’ of the

Lb(trp) transition has changed sign and is negative, as is the

residual LD describing the average orientation of La(trp)

and Lb(tyr) transition moments. There is still a positive peak

at ~230 nm, which is larger than for the spectra in Fig. 2 B,

but the magnitude is much smaller than in the oxidized

sample. This suggests that upon interaction with CL, Trp59

in reduced cyt c is significantly tilted toward the membrane

normal, and therefore we can also conclude that the interac-

tion with CL affects the structure of the protein in the region

where Trp59 is positioned. Since Trp59 is buried within the

core of cyt c in its native water-soluble state, this could indi-

cate a major rearrangement of segments in the protein, and

may be compatible with the finding that cyt c contains

a binding pocket for lipid acyl chains (44). The secondary

structure content of reduced cyt c in CL-containing vesicles

(20% CL) is fairly similar to what is observed in POPC/

POPG, but one may speculate about a certain loosening of

the protein tertiary structure rather than an unfolding. This

loosening likely retains Trp59 within the protein, albeit with

a changed orientation. Further, reduced cyt c gives rise to

a peculiar LD in the Soret band signified by two well-sepa-

rated negative peaks. This may be interpreted to mean that

CL comes in close contact with the heme group and decreases

the degeneracy of the x,y-Soret transitions (which become

further apart in energy and thus also in wavelength).

It is clear that a particular type of interaction occurs

between CL and cyt c. Our data also indicate that this partic-

ular interaction can disturb the structure and binding geometry

of the entire protein, and that it brings about a pronounced

difference between the oxidized and reduced states that is

not observed in the POPC/POPG lipid system.
Biophysical Journal 96(8) 3399–3411
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CONCLUSIONS

We have shown what we consider a novel approach to assign

the binding geometry of membrane-bound proteins by

combining polarized spectroscopy with NMR structures.

The possibility of obtaining biological relevant structural

information about membrane-associated proteins with the

proteins situated in their normal surroundings has great poten-

tial. This fairly simple experimental procedure can be used to

obtain detailed structural data, and may be useful for moni-

toring in situ small structural changes, such as the effects

of redox state variations or interactions with membrane

constituents.
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